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The nutritive value of a protein depends not only upon its 
content and balance of essential amino acids but also upon 
the availability of the amino acids to the animal. Several 
workers (Hankes et al., 48; Riesen et al., °47; Denton and 
Elvehjem, 53; Mauron et al., 55) have studied the rate and 
extent of liberation of amino acids from different proteins 
during digestion im vitro using proteolytic enzymes and meas- 
uring the liberated amino acids chemically or microbiologi- 
cally. These in vitro digestion studies may not give a true 
index of the availability to the intact animal where a multiple 
enzyme system acts during the process of digestion and other 
factors such as the rates of absorption of the amino acids 
and their simultaneous appearance at the sites of protein 
synthesis influence the determination of availability. 

The availability of tryptophan from proteins for growth 
of chicks (Schweigert, ’48) and of lysine (Schweigert and 
Guthneck, 53) and methionine (Schweigert and Guthneck, 
54) for the rat has been determined. 

The investigation reported in this paper deals with the 
determination of the availability of tryptophan from various 

1 Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the National Livestock 
and Meat Board, Chicago, Illinois. The authors are indebted to Dr. A. M. Swanson 
of the Department of Dairy and Food Industry for the milk solids and to Dr. A. E. 


Harper for help in the preparation of the manuscript. The crystalline vitamins 
were provided by Merek Sharp and Dohme Research Laboratories, Rahway, New 
Jersey. 
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proteins using growth of weanling rats as the index of avail- 
ability. The unavailable tryptophan in the feces has also 
been determined microbiologically and the results obtained 
with two methods compared. 


EXPERIMENTAL 


Male weanling rats of the Holtzman strain weighing about 
40 to 50 gm were used throughout the study. They were di- 
vided into similar groups of 6 animals each and were main- 
tained in individual suspended cages with screen bottoms. 
Food and water were given ad libitum and the animals were 
weighed weekly. 

The percentage composition of the basal diet was: casein, 
5; gelatin, 10; zein, 10; t-lysine-HCl, 0.2; t-histidine- HCl, 
0.15; pt-methionine, 0.3; pit-threonine, 0.2; salts IV (Hegsted 
et al., ’41), 4; corn oil, 5; vitamin mixture in sucrose, 0.25; 
choline chloride, 0.15 and dextrin to make 100. The 0.25 gm 
of vitamin mixture contained in milligrams; thiamine: HCl, 
0.5; riboflavin, 0.5; niacin, 2.5; calcium pantothenate, 2.0; 
pyridoxine, 0.25; biotin, 0.05; folie acid, 0.02; vitamin By, 
0.002 and inositol, 10.0. Two drops of halibut liver oil forti- 
fied with vitamins E and K were administered orally each 
week. The only limiting factor in the protein portion of this 
diet was tryptophan. 

When the basal diet, which contained 0.06% of tryptophan, 
was supplemented with graded levels of L-tryptophan growth 
responses proportional to the level of tryptophan supple- 
mentation were obtained. From these values a standard 
curve was drawn by plotting the average gain in grams 
against the amount of L-tryptophan supplement. The growth 
of rats receiving the basal diet supplemented with different 
levels of a protein of known tryptophan content was deter- 
mined. The amount of L-tryptophan corresponding to this 
growth as read from the standard curve was taken as the 
amount of tryptophan available from that contained in the 
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protein supplement. The percentage availability was caleu- 


lated as follows: 
amount of tryptophan available as 


a he rs read from standard curve 
percentage availability — ———— - xX 100. 
amount of tryptophan as determined 


microbiologically in the protein 
supplement 


The protein and tryptophan supplements were added at 
the expense of dextrin as it was found in preliminary experi- 
ments that such a procedure gave results almost identical 
with those obtained when the proteins were fed at the ex- 
pense of zein (very low in tryptophan) or gelatin (devoid of 
tryptophan). 

The tryptophan content of the proteins, the diets and feces 
were determined according to the method of Kuiken, Lyman 
and Hale (’47). Samples were hydrolyzed with 5N NaOH 
and the hydrolysates were assayed microbiologically using 
S. faecalis. 

The food consumption of each rat was recorded. By placing 
the food cup in a larger container losses from spillage were 
kept to a minimum. 

Preparation of beef and pork samples. Fat and bones 
were removed from the pork and beef cuts as completely as 
possible and then they were roasted in an oven at 400 to 
450°C. for 4 to 5 hours. The liquid fat was drained off, any 
remaining bone was removed and the meat was ground in 
a meat grinder. The ground meat was dried at 50 to 60°C. 
for three to 4 days and then extracted with Skelly Solve B 
in a Soxhlet extractor for sevoral hours. The extracted meat 
was again dried and was ground in a Wiley mill with a medium 
mesh screen. The beef and pork samples prepared in this 
way contained about 90.5 and 91.4% of protein respectively. 


RESULTS 


The growth responses obtained over a period of two weeks 
when graded levels of L-tryptophan were added to the basal 
diet are shown in table 1. 
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TABLE 1 
Growth responses with graded levels of L-tryphophan added to basal diet 





AVERAGE FOOD AVERAGE 





fn wee tee air ad 1 eae ay —~ ua 
THE BASAL DIET uxP. PERDOD B 
mg/100 gm gm gm gm 
None 16.4 + 1.2? 78 21 
15 33.6 + 2.2 116 29 
30 48.4 + 3.2 132 36.7 
45 66.4 + 4.0 151 43.9 





*Both A and B were plotted against the L-tryptophan supplement to get two 
different standard curves and the samples were read from these curves after similar 
conversions of the gain in weight during the whole experimental period. 

? Mean and standard error. 


Under the conditions of this experiment and with a tryp- 
tophan supplement not exceeding 0.045% a near linear rela- 
tionship existed between the growth responses and the levels 
of t-tryptophan added. This type of standard curve, which 
was repeated for each set of experiments, was used to com- 
pute the availability of tryptophan from the proteins. 

The availability of tryptophan from some proteins which 
were fed at 2% levels in the basal diet is shown in table 2. 


TABLE 2 
Availability of tryptophan from different proteins fed at 2% level 








AMOUNT OF AVAILABLE 
SUPPLEMENTARY TRYPTOPHAN ‘aiaiin 
PROTEIN TRYPTOPHAN AS READ FROM sauuaer 
PRESENT IN STANDARD 
THE DIET CURVE A 
mg/100 gm mg % 
Beef 20.4 20.3 99.5 
Pork 22.4 20 89.3 
Casein 20.4 16.5 80.9 
Soybean 
rotein? 16.7 14.5 87 
p 
Beef ? - 20.4 21 102.9 





1Drackett Assay Protein. The Drackett Products Company, Cincinnati, Ohio. 
* Added at the expense of the gelatin whereas others were added at the expense 


of dextrin. 
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It is evident from the results that tryptophan was available 
to the extent of 80 to 100% from the proteins tested, the 
maximum being from beef proteins where it was 100% avail- 
able. It was interesting to note that tryptophan was about 
87% available from a commercial purified soybean protein.” 

However, in more extensive experiments with beef and pork 
it was observed that the availability as measured by this pro- 
cedure was influenced by total amount of tryptophan in the 
supplement. When the amount of tryptophan was increased 
either by raising the level of the protein supplement or by 
adding some L-tryptophan along with the protein supplement 
the availability values were significantly lower as shown in 
table 3. 

There was also a wide variation in the average food con- 
sumption in different experimental groups. We, therefore, 
calculated the average weight gains for the groups receiving 
various levels of tryptophan per 100 gm of food consumed — 
which, in fact, is a measure of food efficiency. These values 
plotted against the level of tryptophan supplementation gave 
another standard curve. The amount of available tryptophan 
in each of the experimental samples was also read from this 
type of curve. These results are shown in tables 2, 3 and 4. 

The percentage availability computed in this way is slightly 
higher in most cases than that obtained by the other method. 
However, the differences are such that for all practical pur- 
poses in a biological assay of this type they may be thought 
to be in fairly close agreement. There is a trend towards 
slightly higher availability of tryptophan from beef than 
from pork (table 3). 

The variation of the percentage availability with the amount 
of tryptophan in the supplement as shown in table 3, led us 
to compare the availability from different proteins when fed 
at the same tryptophan level. It can be noted that the per- 
centage availability from beef, pork and fibrin (not fed at 
the same tryptophan level) was about the same. Only egg 


* Drackett Assay Protein. The Drackett Products Company, Cincinnati, Ohio. 
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TABLE 3 


Availability of tryptophan from pork and beef fed at different levels 
and with added u-tryptophan 


(Separate standards were run with each experiment) 





AV. FOOD AV. GAIN{. AVAILABILITY 





SUPPLEMENT TO SUPPLEMENTARY GAIN/ pans 106 CALCULATED 
BASAL DIET presser ey ovune/ cx FOOD a 
3 A B 
ba 7 ae mg/100 gm gm gm gm % % 
Experiment no. 1 
Beef, 2% 20.4 39 118 31 98 105.4 
Beef, 3% 30.6 49 136 36 96.4 93.7 
Beef, 2% + 0.015% 
L-tryptophan * 35.4 54.6 143 38.2 85.8 88.2 
Beef, 2% + 0.030% 
L-tryptophan * 50.4 66 145 45.4 70.1 77.9 
DL-Tryptophan, 
0.040% 40 58 141 41.2 93.8 96.2 
Experiment no. 2 
Pork, 2% 22.4 37.4 115 32.4 89.3 107.1 
Pork, 3% 33.6 42.6 115 37 72.9 92.2 
Pork, 2% + 0.020% 
L-tryptophan * 42.4 55.2 143 38.6 66.9 69.2 





1 Availability from protein was calculated on the assumption that the added 
L-tryptophan was completely available. 


albumin showed a slightly lower availability. Further, for 
each of the proteins the percentage availability values, calcu- 
lated in both ways, were in fairly close agreement with each 
other. 

We have also compared the availability of tryptophan in 
three differently processed milk solid preparations fed at 
the same tryptophan levels. Here again, as shown in table 4, 
94 to 98% of the tryptophan was available from each product 
using either type of computation. On the other hand, with 
weight gain as the criterion a lower percentage availability, 
namely 78%, was found for the roller dried powder. 
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The percentage utilization of pi-tryptophan by rats was 
also determined by the same method and was found to be 
93.8 and 96.2 by two different methods of computation (table 
3), in close agreement with the values obtained by Osterling 
and Rose (’52). 

The amounts of unavailable tryptophan in the feces of some 
of the experimental groups of table 4 were determined by 
microbiological assay and these results are shown in table 5. 
Here again the amounts of unavailable tryptophan with pro- 
tein supplements of beef, pork, egg albumin and fibrin were 
low suggesting a high percentage of availability. This is in 
fairly good agreement with the values reported in table 4. 


TABLE 4 


Availability of tryptophan from (1) different proteins and (2) some milk solids 








AMT. OF AV. FOOD AV. GAIN/ AVAILABILITY 
SUPPLEMENTS SUPPLE- GAIN/ CON- RAT/ 100 CALCULATED 
TO BASAL DIET ounaiiiaiees _ oun? GM goon a. 
IN THE DIET RAT A B 
OF LES : mg/100 gm gm gm gm % %o 
Pork, 2% 22.5 42.6 138 30.8 91.1 93.3 
Beef, 2.2% 22.5 43.6 141 31 93.3 95.6 
Egg albumin, 1.9% 22.5 40.6 134 30.2 84.4 86.6 
Fibrin, 0.91% 29.1 52 154 33.6 92.7 89.4 
Roller dried non-fat 
milk powder, 5.5% 25 43.4 128 32.4 78 96 
Spray dried non-fat 
milk powder, 5.5% 25 48 150 32 98 94 
Spray dried non-fat 
milk solid grains 
(instant type), 5.5% 25 48 147 32.6 98 98 





A and B — implication as in table 3. 

*Not fed at the same tryptophan level. Fibrin was fed at this level from the 
tryptophan value obtained by alkaline hydrolysis of fibrin for 10 hours as in the 
case of other proteins. However, a higher tryptophan value was obtained where 
fibrin was hydrolyzed for 18 hours which has been used in subsequent calculations. 
(Kuiken, Lyman and Hale, ’47). 
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TABLE 5 





Determination of unavailable tryptophan in the feces 








Y 
TOTAL x! AMT. x-Y 
: UNAVAILABLE UNAVAIL- 
cae pony TRYPTOPHAN ABLE TRY?- % 
GROUP com. Gureveeman ceoman Sweuaseee 8 SerEan AVAIL- 
SUMED _IN FOOD IN THE — aa — 
COUSTEED FECES = ENDOGENOUS MENT 
TRYPTOPHAN 
gm mg mg mg mg 
Basal 525 none 81.5 81.5 
Basal + 2% 
pork 825 185.6 142 128.7 13.3 92.8 
Basal + 2.2% 
beef 848 191.2 140 132.6 7.4 96.1 
Basal + 1.9% 
egg albumin 801 180 138.4 125 13.4 92.5 
Basal + 0.91% 
fibrin 925 269.2 169.1 144.3 24.8 90.8 





*X— Found by microbiological assay of a representative aliquot of the feces 
collected for the whole group and for the entire experimental period. 


Y — Caleulated as follows: 
Total amount of tryptophan 
__in the feces of basal group 


~ Total food consumed by the 
basal group 


x Total food consumed by the experimental group. 


Total tryptophan in supplement — unavailable 
% Tryptophan available = _ tryptophan from supplement x 100 
Total tryptophan in supplement 





Total tryptophan in supplement 


DISCUSSION 


The growth difference of 25 to 28 gm between the lowest 
and highest levels of tryptophan used for the standard curves 
gave a good range over which to measure availability. How- 
ever, since very little additional tryptophan was required 
to give values towards the top of the linear portion of the 
curve the number of levels that could be included was limited. 
With only 4 points on the linear portion of the curve any 
deviation from linearity in one of the groups could lead to 
an error in the slope of the curve and hence in the estimation 

















AVAILABILITY OF TRYPTOPHAN 321 


of tryptophan availability. Despite this limitation the resulis 
computed from the two different types of standard curves 
were in good agreement and replicate determinations also 
showed good agreement. 

That tryptophan was the only limiting factor in the basal 
diet is shown by the fact that with tryptophan supplementation 
only, the growth rates increased to 33 to 35 gm/rat/wk. which 
is comparable to the growth obtained with an adequate puri- 
fied diet. Further, there is no possibility of any type of 
imbalance being produced by the addition to the basal diet 
of the protein tested because of the low levels at which the 
proteins were added and also because none of the other 
amino acids in the diet were in near limiting amounts. The 
high availability values obtained with the proteins tested in 
our experiments point to the fact that no imbalance of any 
type has been produced. 

The possibility that the high availability figures may be 
due to an increased response to the entire protein supplement 
seems unlikely. This is supported by our observation (table 
1) that the same percentage availability from beef was found 
irrespective of whether the protein supplement was added 
at the expense of gelatin or dextrin. If the protein had given 
a response in addition to that due to tryptophan, then the 
higher level of protein supplementation should have caused 
an apparent increase in availability which is contrary to our 
observations (table 3) that the availabilities from the addition 
of 2 and 3% of pork were 89 and 73% respectively. 

The results of the bioassay checked well with those ob- 
tained from the determination of tryptophan in the feces. 
This is evident from the results presented in table 5 and 
table 4 where the same experimental groups were used for 
both types of determinations. 

In calculating the unavailable tryptophan from the protein 
supplements it has been assumed that the tryptophan from 
the basal proteins is unavailable to the same extent in both 
the supplemented and unsupplemented diets, and, hence is 
proportional to food consumption. Also metabolic tryptophan 
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in the feces of all groups has been taken to be proportional 
to food consumption. That the latter assumption is true has 
been shown by Kuiken and Lyman (’48). Further, this as- 
sumption regarding endogenous fecal amino acids is similar 
to that of Mitchell (’24) and Schneider (’35) regarding endo- 
genous fecal nitrogen. 

The computation of availability by the determination of 
tryptophan in the feces may be subject to the criticism that 
the bacterial action in the lower part of the intestine may 
alter the distribution of amino acids in the feces. Kuiken 
(52) has, however, put forward some evidence obtained by 
feeding sulfa drugs that this sort of interference by bacteria 
is insignificant. 

Kuiken and Lyman (’48) have reported 100% availability 
of tryptophan from roast beef by assay of tryptophan in the 
feces with a different experimental technique and this checks 
with our observations. Schweigert (’48) found that the per- 
centage availability of tryptophan for growth of chicks from 
raw soybean meal, fish meal and processed soybean meal was 
20, 40 and 65 respectively. However, in our experiment the 
purified soybean proteins showed about 90% availability. 

The protein mixture used in this study contained 0.06% of 
tryptophan and supported a growth of 7 to 8gm per week 
during the two-week experimental period. The growth rate 
increased to about 32 to 35 gm when only 0.045% of 1L-tryp- 
tophan was added. Very little, if any, further improvement 
in growth was obtained with supplements of tryptophan higher 
than 0.045% which indicates that the tryptophan requirement 
of the weanling rat is in the neighborhood of 0.11% of the 
diet with this level of protein. The value of Rose and Oster- 
ling (°52) of 0.2% for the tryptophan requirement of the rat 
was determined using pure amino acid mixtures and included 
an allowance ‘‘in order to insure the presence of an adequate 
intake’’ and, therefore, may not be directly comparable. How- 
ever, the value of 0.11% is also much lower than that reported 
by Salmon (’54) who found the tryptophan requirement with 
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a diet containing 20% of protein to be about 0.17% in the 
presence of adequate niacin. 


SUMMARY 


The availability of tryptophan from beef, pork, casein, egg 
albumin, beef fibrin, purified soybean protein and from milk 
powders was determined and was found to be 80 to 100% 
in all cases, the highest being from beef. 

When the amount of supplementary tryptophan was in- 
creased either by increasing the level of the protein supple- 
ment or by adding crystalline L-tryptophan together with the 
protein supplement, the apparent availability was lowered. 

Two ways of presenting the data and caleulating availability 
have been discussed. The percentage availability figures ar- 
rived at with two different types of calculation did not differ 
significantly from each other. 

The unavailable tryptophan in the feces of different experi- 
mental groups given beef, pork, egg albumin and fibrin sup- 
plements was low, correlating well with the results of the 
other determinations. 
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Numerous investigators have demonstrated that calcium 
absorption decreases with increasing age and progressive bone 
calcification (Mitchell and Curzon, ’39; Hansard et al., 54a, b; 
Henry and Kon, ’53). However, with advancing age there 
are increased metabolic losses of calcium and a decrease in 
the amount of exchangeable calcium (Hansard et al., ’54b; 
McCay, ’52) that may mask the interpretation of data from 
aging animals. Requirements for calcium in the rat after 
growth ceases have been less understood, and it is not clear 
whether increased age is the cause or result of either poor 
absorption from the tract or poor retention by the tissues 
or both. The need for additional information upon the physio- 
logical behavior of calcium within the animal body during 
the various phases of development prompted this investi- 
gation. Radioisotope procedures have made possible the sepa- 
ration of some of the various aspects of calcium metabolism 
associated with the physiological changes due to growth and 

* This manuscript is published with the approval of the Director of the Tennessee 
Agricultural Experiment Station, Knoxville, Tennessee. 

*The radioactive isotopes used in these studies were obtained from the Oak 
Ridge National Laboratory on allocation from the U. 8. Atomic Energy Com- 


mission. 

*This work was completed under contract no. AT-40-1-GEN-242 between the 
University of Tennessee, College of Agriculture and the Atomic Energy Com- 
mission. 

‘Present address: Department of Animal Industry, Louisiana State University, 


Baton Rouge, Louisiana. 
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age. These have been adapted to this study of the absorption, 
excretion and movement of labeled calcium in the rat during 
its life span. 
EXPERIMENTAL 

One hundred and forty-one animals selected from a highly 
inbred Wistar strain of rats were used in this study. Litter 
mates were marked, weighed and maintained on UT-AEC 
ration Ca-3 containing 0.4% phosphorus and 0.5% calcium 


TABLE 1 


Description of experimental animals used and results of concurrent calcium- 
radiocalcium balance studies with rats at various ages* 


PER PER CENT CALCIUM 45 





AGE OF “a warenue _cavcrum _ cavorum les ae DOSE EXCRETED” 
eo amass In- Excre- —— Oral Intra- 
take tion operep? peritoneal ¢ 
weeks gm , pw 
1.5 16 mae. .2* ‘ ar . 2.10+ 0.5 
4.0 34 36+ 3 28 2 7 30 + 05 0.73405 
12 13 176+ 18 42 25 60 45 +14 3.0 +2 
24 34 305+ 43 65 47 72 -~ 2 F7 ms 68 
48-72 27 414 + 135 80 63 78 68 +12 21 +2 
106 17 453 + 72 85 87 102 82 +15 25 +3 





* All animals sacrificed 96 hours after isotope administration. 

? Includes only fecal calcium. 

* Animals received an average dose of 20 ue of Ca“ and 10 to 100 ug of calcium 
except those animals under 30 days of age which received only one-half this dose. 

* Total calcium values are averages for all animals; about two-thirds of animals 
were dosed orally and one-third intravenously with tracer levels of caleium-45 


chloride. 
5 Mean + standard deviation. 


(Hansard et al., 51; Hansard and Plumlee, ’54). Following 
definite pre-experimental periods of time on this ration, se- 
lected animals from each group were given a single oral or 
intraperitoneal tracer dose of calcium-45 chloride at the ages 
indicated in table 1. Each rat was then placed in an individual 
metabolism cage for 96-hour balance studies (Hansard and 
Comar, ’53) previous to sacrifice and tissue distribution an- 
alysis. The fecal and urine samples were collected sepa- 
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rately, usually at 24-hour intervals. The total periodic col- 
lection and the selected tissue samples were then analyzed 
for calcium, phosphorus, ash and radiocalecium by methods 
previously described by Comar et al. (’51). 


RESULTS AND DISCUSSION 

Age and calcium balance. A summary of the calcium intake 
and excretion values for 141 rats at the different ages is given 
in table 1. For convenience of analysis and comparative 
presentation these animals were lotted into 6 age groups and 
the data with the mean + the standard deviation tabulated 
(Snedecor, ’46). It may be noted that the total percentage 
of fecal calcium increased markedly between 4 and 12 weeks 
and at a reduced rate thereafter to maturity. This adjustment 
of the young rat to changes in ration is rapid (Hansard et 
al., 51) and may account for the decreased retention of cal- 
cium after the 4-week period. The marked increase of fecal 
calcium in the aged animals reflects decreased absorption 
and increased losses from the body stores as discussed later. 

Age and radiocalcium excretion. The results of the con- 
current radiocalcium balance studies presented in table 1 
substantiate the findings relative to decreased absorption with 
increasing age as shown by the total fecal calcium values. 
Animals receiving calcium-45 orally excreted more than those 
receiving a single intraperitoneal dose. Insignificant amounts 
of the excreted radiocalcium were observed in the urine of 
rats of all ages, being slightly higher following intraperito- 
neal administration and for the mature and aged rats. 

Following oral administration of calecium-45, fecal excretion 
ranged from 2% in the suckling rat to 45% at 12 weeks and 
increased to 82% in the aged animals. Following intraperito- 
neal administration, however, only a small fraction of the 
dose was found in the feces of animals under 12 weeks of age 
and there was a marked increase in calcium excretion in ani- 
mals after the age of sexual maturity. 

When consideration was given to the rate of excretion, it 
was noted that, following oral administration, excretion was 
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low and near a uniform level throughout the 96-hour balance 
period for the young animals; probably representing pri- 
marily endogenous calcium losses (Hansard et al., ’54a). 
At 4 weeks of age, however, nearly 50% of that calcium-45 
excreted was in the feces at the end of 24 hours after admin- 
istration. At 12 and 24 weeks of age, peak excretion was at 
48 hours after dosing; and animals 48 weeks and older ex- 
creted more with about equal proportion of the dose at the 
24- and 48-hour period. This was a manifestation of decreased 
absorption and the increased time with age required for 
passage of the unabsorbed calcium through the tract. A some- 
what similar excretory pattern was observed following intra- 
peritoneal administration of the isotope. In the young animal, 
excretion was rapid, occurring principally during the first 
24 hours. With increasing age, however, peak excretion oc- 
curred during the 48-hour period after administration and 
the older animals ultimately excreted more of the dose. The 
observed increased ‘‘spill over’’ into the urine of older animals 
probably reflected the higher blood levels and a lower calcium 
threshold with advancing age. This time lag evidenced in the 
excretion of radiocalcium in older animals has been discussed 
in more detail by Hansard et al. (’54b) and probably repre- 
sents the decreased rate of movement and mobilization, and 
reflects the comparative physiological state of the aging 
animals. 

Partition of fecal calcium. Simultaneous chemical and radio- 
isotope balance studies offer a basic means for the quantitative 
differentiation between that calcium passing through the gas- 
trointestinal tract unabsorbed (exogenous) and that which 
reaches the feces from the body itself (endogenous). In this 
study, fecal endogenous calcium values were estimated by 
both the isotope dilution and the comparative balance pro- 
cedures. The details of these methods, and their basic assump- 
tions and significance, are discussed in the literature (Han- 
sard, 56; Hansard et al., 54b; Hansard and Plumlee, ’54). 
However, briefly, the comparative balance procedure consists 
of integrating the excretion data from animals dosed orally 
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with that of similar animals receiving a single intravenous, 
intramuseular, or intraperitoneal dose of labeled calcium 
(Hansard, ’56) and employing the balance data to calculate 
the source and quantity of calcium. It is pointed out that 
this method is unique for biological availability determina- 
tions (Hansard et al., ’57) in that it permits either a direct 
measure of absorption, or the estimation of endogenous cal- 
cium losses for use in correcting conventional balance data 
to give the net absorption values. In this study 4-day excre- 
tion data from animals dosed orally and that of paired rats 
receiving a single intravenous dose of labeled calcium per- 
mitted calculation of the percentage of dietary calcium that 
was absorbed (A) thus: 
100 — Feeal Calcium 45 
a 1—B 

where (B) represents that fraction of an injected dose ap- 
pearing in the feces. The percentage of endogenous fecal 


calcium (EF) was then calculated as: 
E = A— (100 — % Feeal Ca) 


then: 
E X Total Ca Intake 
Egm = 
100 


The fact that it is also necessary to know the percentage of 
a single injected calcium-45 dose that will reach the feces 
(B) permitted adaptation for concurrent endogenous meas- 
urements by the independent isotope dilution procedure. This 
method is based upon the assumption that after injected radio- 
calcium reaches equilibrium, the specific activity (SA) of the 
endogenous (EF) calcium appearing in the intestinal contents 
becomes equal to that of the circulating blood calcium. The 
extent of the dilution of endogenous calcium from the plasma 
then with all of the fecal calcium in the digestive tract is 
measured by the relative specific activities of the blood plasma 
(SA,) and feces (SA,), thereby permitting a direct caleu- 
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lation of the percentage contribution of each calcium source 
to the fecal calcium thus: 
SA; : 
X 100 = E (% fecal Ca that is endogenous) 
SA, 
then 


, Feeal Caleium (gm) 


E% X a = Egm. 


1 mg Ca/ DAY RETAINED 
INTAKE | gm mg Ca/ DAY FROM BODY a EXCRETED 











mg Ca/DAY (ENDOGENOUS) 
mg Ga/DAY UNABSORBED 
'40} (EXOGENOUS ) 
o 
E 
3 100- 
= l 
S y 
J ZY 
= VA 
, , 
a y 
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12 24 48-72 106 
AGE (weeks) 


Fig. 1 The fecal endogenous and unabsorbed calcium in rats at various ages. 


The results of these studies permitted the calculation of the 
partition values shown in table 2 and graphically summarized 
in figure 1. It may be observed that calcium absorption de- 
creased from 98 to 57 to 24% in 4-, 12- and 106-week-old ani- 
mals, respectively, and that the unabsorbed calcium increased 
from less than one in the weanling rat to 76% in the aged 
animal. The net calcium actually retained decreased from 
97 in the weanling rat to 18% in the aged animal. There was 
less difference in the retained fraction (fig. 1) by animals 
12 to 72 weeks of age. It is of significance that these partition 
values agree closely with results obtained for cattle of similar 
physiological age receiving normal calcium rations (Hansard 
et al., ’54b). 
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Endogenous fecal calcium and maintenance requirements. 
The estimation of endogenous losses of calcium from the body 
permits the measurement of that calcium actually absorbed 
and retained by the animal and thereby makes it possible to 
determine experimentally the true digestibility of dietary cal- 
cium under normal feeding conditions. This is of considerable 
importance in mineral utilization and availability studies, 
and is basic for the interpretation of data procured from 
radioisotope investigations. 

It is of interest to note from table 2 that daily endogenous 
fecal calcium increased in a regular manner with increasing 
weight and age (fig. 1) of the animal. Milligrams of endo- 
genous calcium per kilogram of body weight, however, was 
less affected by age. Consideration of the endogenous values 
at 4 weeks and in the aged animal indicate a slight trend 
toward an increase, but after 4 weeks these values were rela- 
tively constant. The average daily values of 39mg of endo- 
genous calcium per kilogram of body weight for animals of 
all ages on this normal dietary are in agreement with values 
for swine (Hansard, ’56) but are somewhat higher than those 
reported for rats by Cole et al. (’29) and are nearly three times 
the 16mg per kilogram reported for cattle by Hansard et 
al. (’54b). 

Calcium maintenance requirements for rats are essentially 
equal to the endogenous fecal losses, and were calculated 
from these and the true digestibility values given in table 2. 
For rats 12 weeks of age which had been maintained on 0.5% 
calcium, endogenous losses averaged 7mg per day and the 
true digestibility values showed an average utilization of 
57%, indicating a daily calcium requirement for maintenance 
of 12mg of dietary calcium per day or 6.6mg per 100 gm 
body weight. The calculated requirements for animals main- 
tained on a normal calcium ration to the ages indicated are 
tabulated (table 2). There was a marked increase in the re- 
quirement sometimes between 4 and 12 weeks of age as shown 
by values of 3.0 and 6.6 mg per 100 gm body weight per day, 
respectively. In the old animals the high endogenous loss 
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and the poor absorption and decreased retention of calcium 
increased the daily requirements necessary to maintain this 
calcium status to 20mg per 100 gm body weight. However, 
since the estimated requirements are based upon absorption 
values of a normal dietary calcium intake level this value 
for aged animals may be considered to have little physio- 
logical significance. 

Age and tissue calcium, phosphorus and ash. The calcium 
content of the various tissues averaged by age groups is 
presented in table 3. Except for the very young animals, 
there were no significant effects of age upon the calcium 
values of the soft tissues. The high calcium tissue values 
demonstrated in the suckling rat may be a reflection of the 
physiological functions of the rapidly growing animal and of 
the higher equilibrium level of plasma and new bone as dis- 
cussed previously by Hansard et al. (’54a). The slight increase 
in calcium concentration for kidney and muscle after 12 weeks 
of age was not significant. The bones showed the expected 
increase of calcium with age. The low calcium concentration 
in the bones of 10-day-old animals may have been due to the 
comparatively high moisture content, but is also indicative 
of the low level of calcification at which the rat starts life 
(Cox and Imboden, ’36). Calcium content appeared to reach 
a maximum level in all tissues at 24 to 48 weeks of age except 
for the tibia epiphysis and mandible which showed a con- 
tinuing increase to maturity and old age. 

Phosphorus and ash were determined on all individual 
samples. However, the relationship to calcium at the various 
ages was so constant that only overall averages are presented. 
For all bones the ratio for calcium to phosphorus was 2.2 + 0.3 
and the ratio of calcium to ash was 0.38 + 0.03. For all soft 
tissue the ratio of calcium to phosphorus was 0.038 + 0.01, and 
age did not appear to significantly influence these values. 

Tissue distribution of labeled calcium. A summary of cal- 
cium-45 concentration values in selected tissues of rats at 
various ages is presented in table 4. When tissue concentration 
was calculated on the basis of administered dose, the de- 
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creased retention with age of labelled calcium was reflected 
in the tissue calcium-45 values. Therefore, in order to mini- 
mize effects due to absorption differences, method of ad- 
ministration and body weight, and to show more clearly the 
n! -siological effects of age itself upon calcium behavior all 
results were calculated on the basis of percentage of absorbed 
calcium-45 dose, corrected to a standard body weight of 100 
gm (Hansard, 53). Thus the values tabulated reflect the 
behavior in the animal body of that radiocaleium actually 


TABLE 4 


Concentration * of absorbed calcium-45 in selected tissues of rats at various ages? 





AGE GROUPS (WEEKS) 


1.5 4 12 24 48 72 106 





TISSUE 





Blood plasma 0.013 0.016 0.021 0.027 0.047 0.048 0.105 
Gastroenemius 

muscle 0.020 0.014 0.017 0.031 0.038 0.056 0.151 
Kidney 0.013 0.006 0.021 0.017 0.051 0.104 0.231 
Liver 0.043 0.005 0.007 0.013 0.043 0.082 0.123 
Spleen 0.019 0.010 0.021 0.026 0.067 0.079 0.123 
Tibia shaft 11.2 7.9 6.6 7.5 3.7 4.1 3.5 
Tibia epiphysis 12.5 9.9 12.3 25.7 20.1 22.3 21.2 
Incisors 18.4 13.5 17.1 29.4 51.4 53.1 78.3 
Molars 9.3 8.2 7.2 12.1 15.1 13.9 17.1 
Mandible angle 12.7 9.5 10.9 14.6 10.4 9.1 7.1 





1 Concentration of Ca® expressed as percentage of absorbed dose per gram fresh 
weight. (Calculations standardized to 100 gm body weight.) 
? All animals sacrificed 96 hours after administration of calcium-45. 


made available to it. These data confirm earlier findings with 
cattle (Hansard et al., 54a) indicating a definite increase in 
soft tissue radiocaleium concentration with age. However, 
as previously pointed out, the changes in total calcium con- 
centration with age were not great. Therefore, this tissue 
increase must necessarily be accredited to the decreased 
physiological functions, particularly in the bones of the aging 
animals (Hansard et al., 54a). Calcium-45 concentration in 
bones showed less age effect but demonstrated a general in- 
crease to 24 weeks and then leveled off or decreased. This 
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was probably a result of both reduced exchange and contact 
of the bone crystals with blood calcium during the latter 
periods of life. In contrast, the incisor teeth showed a marked 
and constant increase in concentration to 106 weeks of age. 
This is a reflection of their continuous growth and calcification 
even in adult animals. 

Autoradiograms of sagittal sections of the femur bones 
from these animals indicated the general relationship between 
deposition and areas of physiological functions. There was 


TABLE 5 


Specific activity of absorbed calcium-45 in selected tissues of rats 
sacrificed at ages indicated? 


AGE GROUPS (WEEKS) 


TISSUE har 7 

1.5 4 12 24 48 72 106 
Blood plasma 108 178 350 450 671 686 1500 
Gastrocnemius muscle 66 156 213 344 345 622 1373 
Kidney 62 60 161 131 340 742 1650 
Liver 172 71 140 144 478 1367 1757 
Spleen 66 111 233 289 838 1053 1557 
Tibia shaft 131 71 41 46 20 20 16 
Tibia epiphysis 178 129 119 216 142 144 135 
Incisors 161 69 82 124 216 223 336 
Molars 48 35 54 63 59 70 
Mandible angle 219 70 69 90 66 49 43 


1 Specific activity expressed as per cent of absorbed Ca“ dose per milligram of 
calcium X 10*. (Calculations standardized to 100 gm body weight.) 
? All animals sacrificed 96 hours after administration of caleium-45. 


a decreased epiphyseal and periosteal deposition and an in- 
creased trabecular laydown of calcium-45 with increased 
age as described in detail for cattle (Hansard et al., 54a), 
and are not included in this report. 

Age and tissue specific activity. Specific activity values 
for selected tissues of rats at the various ages were calculated 
as the percentage of, absorbed dose of caleium-45 per milli- 
gram of calcium corrected to 100 gm body weight. A summary 
of these values is presented in table 5. It may be of particular 
interest to note that the specific activity for the soft tissues 
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increased with age of animal, and that these values were much 
higher for soft tissue than for bone at all ages except in the 
very young animals. This has been explained by Hansard et 
al. (’54a) in a previous study with cattle on the basic assump- 
tion that skeletal accumulation is the primary governing 
factor regulating ultimate availability of caleium-45 for ex- 
change and the growth processes. Inasmuch as specific activity 
parallels radiocalcium concentration, values for bones showed 
less age effect than did the soft tissues. The high values in 
the very young animals were a reflection of the low calcium 
content and the high concentration of radiocalcium retained 
by the rapidly growing bones. 

It has been implied that calcium-45 enters the skeleton by 
both exchange and the process of bone formation. Values 
indicate that this process is cyclic and that individual bones 
and areas of bone vary in degree and quantity of radiocalcium 
retained. Absolute values, therefore, may be masked by the 
concurrent resorption and accretion in the different areas 
and the physiological factors affecting them. Variations with 
increasing age indicate the influence of such biological vari- 
ables as blood supply, vascularity, crystal size, hormone 
effects and the proportions of trabecular to cortical bone. 
The avidity of the young bone for the single calcium-45 dose 
would thus be soon masked by the accretion of stable calcium 
ions. The dynamic nature of calcium in the animal body is 
thus exemplified and values emphasize the major importance 
of ion exchange as the mechanism involved in the removal of 
calcium from blood or deposition in bone. It further facili- 
tates interpretation of single dosage studies with radiocal- 
cium, indicating that calcium-45 deposition in tissue gives 
little information as to stable calcium concentration. 


SUMMARY 


The excretion, absorption and movement in the body of 
calcium as a function of age has been studied in 141 individual 
rats. Consideration was given to the use of radiocalcium data 
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for the interpretation of the physiological behavior of the 
stable calcium normally present in the animal body, and the 
fundamental importance of balance data in radioisotope in- 
vestigations was emphasized. Calcium absorption, retention 
and excretion rate were greatest in young animals, decreased 
rapidly to the age of sexual maturity and more slowly to 
maturity and old age. Daily endogenous fecal calcium losses 
and the requirements for maintenance increased slightly to 
maturity and markedly in the aged animal. Tissue calcium-45 
concentration data, corrected for body weight and absorption 
differences due to age indicated that tissue deposition reflected 
the physiological status of the animal and its ability to 
handle the current calcium supply. The significance of fecal 
calcium partition, the estimation of endogenous calcium, 
true digestibility, maintenance requirements and the inter- 
pretation of radiocalcium data in terms of the behavior of 
stable calcium in the animal body are discussed. 
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INTRODUCTION 


Crampton et al. (’56) have compared the nutritive values 
of various fractions of the ethyl esters prepared from heat- 
polymerized linseed, soybean and sunflower seed oils. Par- 
ticular attention was paid to the fraction of the distillable ethyl 
esters that failed to form urea adducts (the NAFD fraction). 
The NAFD from linseed oil was highly injurious to the well- 
being of young growing rats, despite the fact that the material 
was a bland, neutral oil. The corresponding fraction from 
soybean oil was injurious, though less so than linseed NAFD. 
The NAFD from sunflower seed oil was much less injurious 
than that from the other two oils. The adduct-forming frac- 
tions of the distillable esters (AFD) from all three oils were 
nutritionally innocuous. 

Crampton et al. (53) and Wells and Common (’53) have 
considered the possibility that failure of the NAFD fraction 
to form urea adducts might be due to formation of cyclic mono- 
meric acids during the thermal polymerization of the triglycer- 
ide. Since that time considerable evidence has been forthcom- 
ing to demonstrate that cyclized monomeric acids are formed 
during heating of methyl eleostearate (Paschke and Wheeler, 


*Contribution from the Faculty of Agriculture, McGill University, Macdonald 
College, Quebec, Canada, Journal Series no. 398, 
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’55) and of linseed oil (Macdonald, 56). We ourselves have 
applied the procedure described by Paschke and Wheeler (’55) 
to the NAFD fraction from linseed oil and have secured confir- 
matory evidence, from infrared spectrophotometry, of the 
presence of aromatic material in the product. Our use of the 
term ‘‘cyclic monomers’’ in our previous papers (Crampton et 
al., 53, ’55) is justified, therefore, to the extent that this frac- 
tion has been shown to contain some cyclized material, though it 
is probably not composed entirely of ‘‘cyclic monomers.’’ 
Cis-trans isomerizations may account, in part at least, for 
failure of NAFD fractions to form urea adducts; and com- 
parable evidence for the presence or absence of cyclic mono- 
meric acids in the NAFD fractions of soybean and sunflower 
seed oils is not yet available. 

The results of comparison of NAFD fractions from linseed, 
soybean and sunflower seed oils, however, suggested that it 
could be of interest to conduct similar studies on an oil con- 
taining acids of higher unsaturation. Menhaden oil was chosen 
for this purpose. The results are presented in the present 
paper. 

EXPERIMENTAL 


The sample of commercial alkali-refined menhaden oil used 
in this work had the following characteristics: sp.gr. (25°C.), 
0.9251; refractive index (25°C.), 1.4784; iodine no. (Benham 
and Klee, ’50), 180; saponification no. 188; mean molecular 
weight (eryoscopic), 839; unsaponifiable, 1.04%. This oil was 
heated in batches of 500 gm for 15 hours at a temperature of 
275°C. while passing a strong current of CO.. The time of 
heating was selected on the basis of the results of preliminary 
kinetic studies. The heated oil was converted to the ethyl 
esters by transesterification in the presence of hydrochloric 
acid gas as catalyst (see appendix). The use of acid catalysts 
was preferred because of the sensitivity of the polvene acids 
of menhaden oil to alkali isomerization. Fractionation of the 
esters by urea adduct formation and distillation were per- 
formed as described by Crampton et al. (’53). In addition, 
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ethyl esters of the whole unheated oil were prepared by acid- 
catalyzed transesterification. The yields and characteristics of 
the various fractions are presented in table 1. It will be noted 
that the yield of the NAFD ester fraction was 20%, based on 
weight of whole esters. 

The basal diet for the nutritional experiment was similar to 
that used in our previous experiments, except that wheat flour 
was replaced by ground whole wheat. The percentage compo- 
sitions of the diets were as follows: — 10% level diet: whole 
wheat 54; dried skimmilk 19; casein 12; ester fraction 10; 
dried yeast 3; dicalcic phosphate 1; iodized salt 0.5; ferrous 
sulphate 0.1; vitamin A and D supplement 0.15; chromic oxide 
0.25. Twenty per cent level diet: as above, but with 44% 
ground wheat and 20% ester fraction. 

The experimental animals comprised 12 groups each of 10 
rats. Six of these groups received each a different ester frac- 
tion at a level of 10% of the diet and the other 6 groups re- 
ceived the same ester fractions at a level of 20%. Ester frac- 
tion 6 (see table 1) was not included in the feeding experiment. 
Its place was taken by the esters of whole unheated menhaden 
oil which were also fed both at the 10% and the 20% level. 
The various diets were offered ad libitum. 

The results for survival, food intake, liveweight gain, di- 
gestibility of the ether extract and gain per 1000 digested 
calories are presented in table 2. Tables 1 and 2 include com- 
parable data for similar fractions from heated linseed oil. 
The latter data have been cited from Crampton et al. (53). 

The results presented in table 2 may be summarized in the 
general statement that the various fractions from heated 
menhaden oil had about the same effects on the well-being of 
the rats as had similar fractions from linseed oil in previous 
comparable experiments (Crampton et al., 53). A slight ap- 
parent superiority of the NAFD from menhaden oil was not 
sufficiently marked to warrant any assertion as to its superi- 
ority over the NAFD from linseed oil. The menhaden NAFD, 








> 
be 
or) 


TOXICITY OF HEAT-POLYMERIZED OILS 


(91) (9T) 
8I 8T 
18 $l 

(Z9) (#g) 
€0T 36 

(¢9) (et) 
19 eF 

(og) (6 ) 
18 

(19) (19) 
G6 SOL 
ws ws 
%0T %0% 


a%.L84914 “1V0 
OOOT aad Nivo 
LHOI#M LHDI'I ‘AV 


sap ay fo sj0v4jx%9 40429 Jo fizyrqusabip ay) pup syv4 fo sub 





*(g¢,) ‘ye 30 uojyduesy wWosz poz! [IO poosuT] 10z yep o[quseduos 04 poznter sosoyjuored uTYy}IM soInTLy , 


(9¢) (9¢) 
0g 0€ 
£2 So 
96 18 
(662) ($61) 
192 £82 
(823) (SIT) 
asl G6 
(¢02) (1*1) 
ser nj Se 
(008) (995) 
982 8&2 
wi ws 
Ot % 0% 


*JOIP OY} JO W%OT puv OZ ye pos O19M SUOTJOBVIZ 10480 OY, , 





+6 £6 
(¢6) 
18 cg 
(96) (96) 
16 +6 
(36) (16) 
88 G6 
(12) (gL) 
€L 
(g6) (96) 
18 *6 
% % 
%Ot %0Z% 
‘LOVULXS BAHL AO 
ALI'TIGILSA9IC 
LNG@QuUvddv 


Goruadd AVA-8Z 
Udd LVY usd 
aMVLNI GOO "AV 


6 @IAVL 


($3) (¢3) (so°0 = d) 
I 8I asl 
86 19 00T 00T aM 
(o ) (o ) 

¢I- os- 09 Or aavVN 
(sot) (zg ) (00T) (00T) 

Bal II 0Or 00T adv 
(99 ) ( ) (00T) (06 ) 

oF 3 00 08 ad 
(6¢ ) (3e-) (00T) (03 ) 

¢ ass 06 0 AVN 
(201) (ToT) (00T) «(00T) 

sIT SII 00T 00T av 

wb wo % % 

%0T % 0% %O0t 1 40% 
~~ @oruaa ~~ [Sah AVG-8Z NOILOV44 
AVad-82 404 SNIVD ONIAIAGNS 


LHOIGM GAIT AV 


SLVa 


24610M 20y PUD 2DAMANS UO No UappYyUew pazvey Jo 84a48a fo 80a q 











346 R. H. COMMON AND OTHERS 


however, was definitely and markedly inferior nutritionally to 
the NAFD from soybean or sunflower seed oil. 

The chief interest of the present work lies in the additional 
evidence that it provides for the association of toxicity of the 
NAFD fraction of heat-polymerized oils with the presence of 
polyene acids in the original oil. 


SUMMARY 


The non-adduct-forming fraction (NAFD) of the distillable 
esters from heated menhaden oil was toxic to rats to a degree 
comparable with the toxicity of the similar fraction from 
heated linseed oil. 

The adduct-forming fraction (AF?) of the distillable esters 
from the heated oil was nutritionally innocuous. 

The results provide some additional evidence for an associa- 
tion between the toxicity of the NAFD fraction and the pres- 
ence of polyene acids in the original oil. 
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APPENDIX 


A. Preparation of ethyl esters. One kilogram absolute 
ethanol was weighed into a tared 2-liter round bottomed flask 
with ground glass joint. Dry hydrochloric acid gas was passed 
in until the weight had increased by 20 gm. 

The oil (500 gm) was then added and the mixture was re- 
fluxed for 24 hours. The mixture was then allowed to cool, 
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finally in a large separatory funnel. The upper layer was sepa- 
rated and distilled from a steam bath until the volume was 
reduced by one half. The concentrate was poured into 4 vol- 
umes of water, and to the mixture the lower layer from the 
separation was added. 

The esters were extracted from the aqueous mixture with 
peroxide-free ethyl ether. The ether was removed under re- 
duced pressure using a stream of N, instead of air. The esters 
thus prepared were stored under CO, in tightly stoppered 
flasks in the freezer until required. 
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The phenylalanine requirement of the growing chick had 
been set at 0.9% of the diet by the National Research Council. 
This value represents an estimate of Almquist (’47) based 
on the phenylalanine content of a protein-containing diet. 
Grau (’47) has studied the pt-phenylalanine requirement using 
a free amino acid diet and reported the requirement to lie 
between 0.6 and 0.8%. On the basis of carcass retention, Grau 
concluded that the t- and p-isomers were equally active for 
the chick. Fisher (’56) recently studied the phenylalanine 
requirement of growing chicks using the L-isomer and found a 
requirement of 0.48% of the diet. This suggested that the 
p-isomer of phenylalanine was poorly utilized by chicks as 
had been observed for the growing rat by Armstrong (’53). 
The studies of Armstrong also pointed up the importance of 
well-balanced and adequate amino acid-containing basal ra- 
tions, particularly when studying the differential utilization of 
the p- and L-isomers of amino acids. 

The t-tyrosine requirement of the chick as set forth by the 
National Research Council is based on the report by Grau (’47) 
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that the tyrosine requirement can be satisfied by 0.6 to 0.8% 
of either tyrosine or phenylalanine. 

With the development of a free amino acid diet which would 
support good growth in chicks (Fisher and Johnson, ’57) in 
contrast to diets previously in use (Almquist and Grau, *44; 
Glista, ’51; Lewis, ’53), the present investigation was under- 
taken to determine directly the utilization of p-phenylalanine 
and thus redefine the phenylalanine and tyrosine requirements 
of growing chicks. 


EXPERIMENTAL AND RESULTS 


Day-old male chicks from a crossing of NH ¢ x Columbian 
? were used for these studies. The chicks were reared in 
electrically heated battery brooders with 5 chicks per lot. 
Chicks were wingbanded and weighed individually at 1, 4, 7, 
and 10 days of age with feed consumption being recorded 
cumulatively for each group of 5 birds. Although the chicks 
were placed on the experimental ration at one day of age, 
evaluation of results was made on the basis of the gain made 
between the 4th and 10th day on experiment. During the first 
4 days chicks are relatively insensitive to minor amino acid 
deficiencies, probably due to the presence of still unabsorbed 
yolk material. The basal ration used is shown in table 1. 

Results of feeding various levels of pb-, L-, and DL- 
phenylalanine are graphically depicted in figure 1. In order to 
obtain an estimate of the minimum L- and pt-phenylalanine 
requirements, a least squares method was employed (Grim- 
inger et al., 56). The variance about the regression line for 
the L-phenylalanine data was calculated when the regression 
included all 7 observations and when each observation for 
the three highest levels of L-phenylalanine was omitted from 
new regression lines. The regression line giving the best fit 
as indicated by the lowest variance is presented in figure 1. 
The plateau cutting the regression line was established by 
averaging the 4 highest observations (note that two groups 
of chicks are represented by the circle and dot at 0.48% L- 
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TABLE 1 


Composition of free amino acid diet 
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INGREDIENTS ! INGREDIENTS 

L-Arginine HCl 2.0 Corn oil 12.00 
L-Glutamie acid 3.5 Mineral mix? 5.34 
L-Histidine HCl-H,O 0.6 Fiber 3.00 
pL-Isoleucine 2.0 Dibasic ammonium citrate 2.60 
L-Leucine 1.4 Antiacid ? 1.00 
L-Lysine-HCl (95%) 1.6 Sodium bicarbonate 1.00 
pL-Methionine 0.8 Vitamin mix? 0.15 
pL-Threonine 1.2 A, D and E concentrate? 0.10 
L-Tryptophan 0.2 Choline Cl 0.20 
L-Tyrosine 0.7 Starch to 100 
DL- Valine 1.6 

Glycine 2.0 

Phenylalanine variable 


* Sources of amino acids listed by Fisher and Johnson (’56). 
* Composition given by Fisher and Johnson (’56). 
















WwW 
Q 50- e oge oye 
w wwe ewe 
a (L- PHENYLALANINE DL - PHENYLALANINE 
aA aA 
> ¥=-20.8 +148.0X $= -6.6 +68.9X 
< + 
Pa) 
40k 
x 
- 
2 
ra) 
z 
30 
I 
- 
v 
5 D- PHENYLALANINE 
Y 20} ¥=-11.0+30.0x 
- 
w 
a 
° 
rd 
a 
1+) 
3 
« 
S e l lL l l j 1 r 1 5 
10 .20 .30 40 50 £0 70 80 1.0 


% PHENYLALANINE ISOMER (L,DerDL) IN DIET 


Fig. 1 Growth response of chicks fed D-, L-, and DL-phenylalanine. 
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phenylalanine). For pi-phenylalanine, maximum growth was 
not attained on the levels fed and the horizontal line (fig. 1) 
cutting the least squares line was therefore based on average 
maximum growth obtained on this diet with L-phenylalanine. 
The data clearly show that p-phenylalanine is not well utilized 
by the growing chick, either when fed as the sole source of 
this amino acid or when supplied in the pi-mixture. 


TABLE 2 


Growth response to L-tyrosine in the presence of the minimum phenylalanine 
requirement and to L-phenylalanine in the absence of dietary tyrosine 








AMINO ACID GAIN FEED UTILIZATION 
STUDIED 4th through 10th day 

% ia an) hs gm gain/gm feed consumed 
L-Tyrosine * 

0.1 6 + 3.0? 0.200 

0.3 35 + 3.8 0.467 

0.5 50 + 2.0 0.543 

0.7 49 + 5.5 0.550 
L-Phenylalanine * 

0.4 2219* 0.040 

0.6 9+ 3.3 0.237 

0.8 36 + 1.1 0.507 

1.0 46 + 5.4 0.582 





*In the presence of 0.46% t-phenylalanine. 
* Standard error of the mean. 
*In the absence of dietary tyrosine. 


In the next experiment, the tyrosine requirement was 
determined in the presence of 0.46% u-phenylalanine, repre- 
senting the minimum requirement for that amino acid as 
previously determined. Simultaneously, t-phenylalanine was 
fed at levels from 0.4 to 1.0% in the absence of dietary tyrosine. 
The results of these studies are given in table 2. The L-tyrosine 
requirement lies between 0.3 and 0.5% (calculated value, 
0.4%) of the diet ini the presence of the minimum requirement 
for phenylalanine. In the absence of dietary tyrosine, the 
L-phenylalanine requirement is near 1.0% although maximum 
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growth possibly was not quite reached at the 1.0% level in 
this experiment. 


DISCUSSION 


Since this is the first reinvestigation of an amino acid 
requirement for chicks using a free amino acid diet since the 
pioneering work of Almquist and Grau, the adequacy of the 
present diet deserves some attention. In the studies reported 
herein, the rate of gain (Grau, °47) approaches 10% as 
compared to maximum values of only 4% obtained on the 
earlier diets. This vast improvement is even more impressive 
when it is considered that chicks on this diet grow at 
approximately the same rate as on a good practical diet 
(Fisher and Johnson, ’57). 

It is important to note that the L- and pt-phenylalanine 
requirements of 0.46 and 0.78%, respectively, found in this 
investigation coincide and therefore confirm the requirements 
of 0.48% and 0.6 to 0.8% previously reported by Fisher (’56) 
and by Grau (’47). In view of the excellent agreement of 
these studies it is apparent that the National Research Council 
requirement for phenylalanine must be revised to state the 
requirement in terms of the L-isomer. 

The poor utilization of p-phenylalanine found in the present 
study is in line with the report by Armstrong (’53) in the rat. 
The studies of Morrison et al. (’56) with p-tryptophan, 
showing that the poor utilization for this p-amino acid is 
primarily due to poor absorption offer an explanation different 
from that proposed by Armstrong (’53) for the poor 
utilization of p-phenylalanine. 

Caleulation ? on the utilization of the pi-mixture relative 
to the L-isomer of phenylalanine shows the following. To 
obtain a growth response equivalent to that with 0.25, 0.35, 

*In the equation Y;,= 148.0 x,—20.8+ 2.4 (standard error of #) and 
Sor = 69.8 x, —6.6 + 1.3 (fig. 1), where # = the growth response, x, = the per 
cent L-phenylalanine and x,=— the per cent DL-phenylalanine in the diet, set 


3. =p. and solve for x, This gives the equation x, = 2.148x,— 0.21. By 
selecting values for x,, the equivalent values for x, were caleulated. 
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and 0.45% u-phenylalanine required 0.33, 0.55, and 0.76% 
pL-phenylalanine. The L/pu ratios were respectively 0.76, 0.64, 
and 0.59, indicating poor utilization of the p-isomer over the 
entire range of phenylalanine studied, but especially at levels 
permitting optimum growth. 

The L-tyrosine requirement of 0.3 to 0.5% as shown herein 
is considerably lower than the 0.7% estimate of Grau (47). It 
checks well, however, with the requirement of 0.3 to 0.4% 
recently reported for the rat by Armstrong (’55). The L- 
phenylalanine requirement in the absence of tyrosine 
indicates a relatively poor conversion efficiency of phenyl- 
alanine to tyrosine. This subject and its implications have 
been discussed in detail by Armstrong (’55). 


SUMMARY AND CONCLUSIONS 


The utilization of p-phenylalanine as well as the require- 
ments for t-phenylalanine and t-tyrosine by growing chicks 
were the subject of this report. It was found that p-phenyl- 
alanine is very poorly utilized as indicated by slow growth 
obtained with the p-isomer alone as well as by a higher 
requirement for pt-phenylalanine than for the u form. The 
L-phenylalanine requirement of chicks is approximately 0.5% 
and the t-tyrosine requirement is not more than 0.5%. It is 
suggested that these values be adopted in place of the old 
values of 0.9% and 0.7% based on former work. 
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The nutritional status of histidine has been the subject of 
some disagreement in the literature for a number of years. 
The conclusion of Burroughs, Burroughs and Mitchell (’40) 
that dietary histidine is not necessary for the maintenance of 
nitrogen balance in adult rats has not been supported by the 
results of other approaches to the question (Wolf and Corley, 


*39; Albanese and Frankston, °45; Frazier et al., 47; Wissler 
et al., °48). The bases of the differences in results have re- 
mained obscure, however, and the problem seems to merit 
further investigation, particularly since Bothwell and Wil- 
liams (’51) have reported a similar finding in young rats. A 
comparison of the methods used in the various studies shows 
that the work of Burroughs et al. differs from the others on 
adult animals in one or more important points in every case. 
Notable differences are in the use of foree-feeding to obviate 
any effects of nitrogen or caloric differences, and in the in- 
clusion of all of the non-essential amino acids in the diet. The 
amino acids most commonly omitted in the other investigations 
were serine and the prolines. The first of these might conceiv- 
ably condense with an imidazole moiety in an as yet unknown 
biosynthesis of histidine, while the prolines, like histidine, 
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contain 5-carbon chains including heterocyclic rings. Some of 
these studies employed only the amino acids known to be 
essential for rat growth. 

With these points in mind, we have studied the effects of 
histidine-free diets upon nitrogen balance in adult rats, and 
have been unable to find any evidence that this amino acid is 
dispensable for these animals. 


METHODS AND MATERIALS 


The observations were made on adult albino rats of both 
sexes, using diets based upon mixtures of purified amino acids 
(diets A and B, table 1). Cellulose was included in diet A, 
which was used for ad libitum feeding, in order to encourage 
possible intestinal synthesis of histidine or of possible un- 
known factors required for its biosynthesis. In diet B the 
cellulose was replaced by increased amounts of amino acids 
to facilitate force-feeding of the diet, and the maintenance of 
nitrogen intake during this procedure. Liver extract powder 
was used as a source of possible unknown factors involved in 
histidine biosynthesis. 

Animals were kept in individual metabolism cages, and al- 
lowed free access to the diet and water at all times. Daily 
collections of urine, feces and any spilled food were made, 
and the urine and feces were analyzed separately for nitrogen 
by a micro-Kjeldahl method, while nitrogen intake was calcu- 
lated from the amount of food consumed and a nitrogen analy- 
sis of each batch of diet. The rats were weighed daily. 

Two experiments were performed. In both, the complete 
diet (A, table 1) was fed to let the animals become accustomed 
to a synthetic diet and to achieve nitrogen equilibrium. For 
the first set of animals (rats 1 to 5), histidine was then removed 
from the diet and the animals were followed for from 6 to 13 
days while being fed histidine-free diet A ad libitum. Rats 1, 
2, 3 and 4 were force-fed small amounts of diet toward the 
latter part of the experimental period. 





HISTIDINE AS AN ESSENTIAL NUTRIENT 359 


For the second set of animals (rats 6 to 9), supplementary 
force-feeding was used throughout the experimental period, 
reckoning from the initial withdrawal of histidine. For this 
purpose, diet B was mixed with sufficient water to make a thin 
slurry and administered by stomach tube. During the initial 
week that the animals were on the histidine-free regimen, the 
amount of diet force-fed was gradually increased to test the 
influence of intake on nitrogen balance. Following this, the 
rats were returned to the complete diet for 9 days, followed by 
a final three-day period on the histidine-free regimen at a 
high level of nitrogen intake. 

In both sets of experiments, each animal served as its own 


control. 
TABLE 1 


Composition of diets 





CONSTITUENT DIET A 





gm 
Amino acid mixture? 135.95 
Ground cellulose? 50.00 
Salt mixture * 40.00 
Liver powder * 4.00 
Sucrose with vitamin B,, and 
pteroylglutamic acid * 1.00 
Sucrose with water soluble vitamins * 10.00 
Choline chloride 2.00 
Sucrose 713.55 
Peanut oil with fat soluble vitamins" 40.00 


996.50 * 





+See table 2 for composition. 

? Alphacel, Nutritional Biochemicals Corporation, Cleveland, Ohio. 

* Wesson (1932), General Biochemicals, Inc., Chagrin Falls, Ohio. 

‘Liver extract concentrate 1:20, Nutritional Biochemicals Corporation. 

‘Containing 0.1 mg of vitamin B, and of pteroylglutamic acid per gram of 
mixture. 

*Ten grams of mixture contains (in milligrams): niacin 28.4, caleium panto- 
thenate 17.0, riboflavin 10.8, ascorbic acid 10.0, pyridoxine hydrochloride 6.4, 
thiamine chloride 5.4. 

* Forty grams contains: 2-methyl-1,4-naphthoquinone 0.5 mg, pereomorph liver oil 
3 drops, cod liver oil 1 ml. 

*The additional 3.50 gm was L(+)-histidine monohydrochloride or L(+-)-glu- 
tamie acid. 
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TABLE 2 


Amino acid mixtures 


DIET A DIET B 





AMINO ACID 
gm/kg diet gm/kg diet 
L(+)-Arginine hydrochloride? 5.057 7.000 
DL-Isoleucine 13.260 18.200 
L(+ )-Leucine 12.342 16.900 
L(+ )-Lysine monohydrochloride 10.000 13.700 
DL-Methionine ? 4.000 5.500 
DL-Phenylalanine 7.500 10.300 
pL-Threonine 8.055 11.000 
DL-Tryptophan 1.600 2.200 
DL- Valine 14.000 19.200 
pL-Alanine 4.000 5.500 
DL-Aspartie acid 7.500 10.300 
L(—)-Cystine * 0.560 0.800 
L(+)-Glutamie acid 25.410 34.800 
Glycine 2.500 3.500 
L(—)-Tyrosine ‘ 7.000 9.600 
pL-Serine 8.050 11.000 
i (—)-Proline 5.120 7.000 
135.95 186.50 


* Amino acids are from Mann Fine Chemicals, Inc., except as noted. 
* From Dow Chemical Company. 

* From Dr. James C. Andrews. 

*From Eastman Kodak Company. 


RESULTS 


In all animals, histidine deficiency was associated with a 
consistently negative nitrogen balance, regardless of the in- 
take of other amino acids or of total nitrogen. This was, as 
might be expected, generally accompanied by a loss of weight. 
Numerical data are given in table 3. Data for animal 8 are 
omitted because this animal developed anuria during the 
course of the experiment. Transitory positive nitrogen bal- 
ances were shown by animals 7 and 9 when they were receiving 
increasingly high levels of histidine-free diet. These positive 
balances were one-day phenomena, and each incident was 
followed by a profound nitrogen loss on the succeeding day. 
No consistent changes in fecal nitrogen excretion were noted 
in any of the animals. 




















TABLE 3 


Experiment I 


Nitrogen balance and weight changes in rats fed diet A, ad libitum 
(Histidine omitted from diets beginning on day 3. Animals 1, 2, 3 and 4 force- 
fed part of diet beginning on day 10. Nitrogen intakes and balances are given as 
mean daily values for the periods indicated. ) 





DIET PERIOD (DAYS) 





ANIMAL SEX 
1-3 4-7 8-11 12-16 
1 é Initial wt., gm 432 423 418 
Wt., final day, gm 431 422 406 (killed by introduce- 
N intake, mg/day 424 298 266 tion of liquid into 
N balance, mg/day +12 -—41 —57 lungs) 
2 é 394 393 381 369 
394 387 376 360 
397 265 274 245 
+19 —42 —38 —69 
3 $4 264 260 247 245 
259 250 245 237 
266 181 216 264 
+44 —43 -—21 —21 
4 4 244 240 233 220 
246 237 219 210 (died, day 14) 
266 175 136 112 
+24 —26 -37 —57 
5 $4 239 244 210 
242 219 192 185 (died, day 12) 
276 86104 30 


+15 —116 —200 





Experiment II 





Nitrogen balance and weight changes in rats fed diet A, ad libitum, 
supplemented by force-feeding of diet B beginning day 5 

(Daily intake of diet A varied from 0 to 8 gm on days 6 to 24. Nitrogen intakes 
and balances are given as mean daily values for the periods indicated.) 





DIET PERIOD (DAYS) 


_ Complete _His,-free 





ANIMAL SEX _ Complete _His.-free _ 

1-3 4-5 6-9 10-12 13-16 17-21 22-24 

6 é Initial wt., gm 431 434 438 408 420 422 432 
Final wt., gm 434 434 415 426 420 432 422 

N intake,mg/day 394 398 265 417 385 497 486 

N balance, mg/day +37 +46 —88 —6l —2 +39 - 5 

7 rei 354 354 356 340 346 342 358 
354 358 342 349 341 352 357 

336 376 267 402 336 471 473 

—23 +8 —33 —31 —43 +30 —48 

9 ¢ 312 308 309 289 296 297 305 
314 310 284 300 293 305 309 

637 333 224 388 352 465 473 

+32 +8 —55 —22 +3 +33 —25 
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DISCUSSION 


There was a marked drop in the voluntary consumption of 
food when histidine was removed from the diets of these 
animals. This sort of decrease is regarded by Rose (’38) and 
others (e.g. Wissler et al., 48) as being almost unfailingly 
attributable to systemic disturbances resulting from the defi- 
ciency of an essential nutrient in this type of experiment. The 
decreased food intake is not regarded as the cause of nitrogen 
loss or as the consequence of decreased palatability of the diet. 
The present experiments support this view. 

The results leave no doubt that histidine is an essential 
dietary component for the adult rat under the conditions of 
these experiments. The fact that animals 6, 7 and 9 gradually 
achieved positive nitrogen balances while being force-fed 
virtually their entire histidine-containing ration shows that 
this technique in itself does not result in a consistently nega- 
tive nitrogen balance. On the other hand, these same animals 
lost nitrogen, even when consuming other amino acids in large 
amounts, on histidine-free diets. 

The differences between the findings of Burroughs et al. and 
those of other investigators thus do not appear to be the 
consequences of the omission of well-established non-essential 
amino acids from the diets of the latter workers, nor are these 
differences simply the consequence of the diminished nitrogen 
or caloric intakes that are observed when histidine is removed 
from diets fed entirely ad libitum. 

When the procedures of Burroughs et al. are compared with 
those described in this paper, a number of points of difference 
may be seen. For one thing, the Burroughs diets included only 
one vitamin, thiamine, during the experimental periods. The 
interrelationships between vitamins and amino acid require- 
ments have received little attention, except for the case of 
niacin and tryptophan. These diets also contained norleucine, 
which is not generally recognized to be an ordinary component 
of the diet, and, indeed, has been reported by Rose (’38) to be 
somewhat toxic. 
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Another possibly significant difference is in the level of 
nitrogen intake. The Burroughs group maintained their ani- 
mals in nitrogen equilibrium on the low intake of about 80 mg 
per day in contrast to the level of about 300 mg per day in the 
present experiments. This low level of nitrogen intake might 
conceivably result in a decrease in the cellular concentrations 
of enzymes responsible for amino acid catabolism, and this, in 
turn, might lead to greater efficiency in the utilization of amino 
acids. In such a case, the body’s requirement for histidine 
might be met by slow synthesis in the tissues or intestine. 
Such an effect would be consistent with the increased require- 
ments for amino acids in birds as the dietary protein level is 
increased (Almquist, 52). The present results are not con- 
clusive on this point, but, in general, the nitrogen and weight 
losses were greatest at low levels of nitrogen intake. This 
possibility has not been definitely excluded, however, because 
the relatively low fat content of the present diets (4% com- 
pared to about 22% in the earlier work) made it necessary to 
feed greater amounts to meet caloric requirements. 

Another difficulty with this line of reasoning is that Bothwell 
and Williams (’51) attribute their success in producing nitro- 
gen balance in young rats on histidine-free diets to a high 
level of nitrogen intake. Perhaps young rats surpass adult 
in their ability to reutilize amino acids, as pointed out by 
Bothwell, Prigmore and Williams (’54) in connection with 
lysine deficiency. On the other hand, the results of Bothwell 
and Williams may not represent a true amino acid equilibrium 
in the tissues. Forbes and Vaughan (’54), who performed 
similar studies on young animals, found large amounts of un- 
digested food in the gastrointestinal tracts of force-fed, defi- 
cient animals. That this sluggish digestion and slow movement 
of material through the alimentary canal may be involved in 
the apparent positive nitrogen balances in these experiments 
is also suggested by the level of fecal nitrogen excretion, which 
rose continuously during the period of force-feeding the defi- 
cient diet. The failure of the fecal nitrogen levels to rise in 
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the present experiments indicates that intestinal absorption 
of amino acids was unimpaired. 


SUMMARY 


1. Removal of histidine from the diets of adult albino rats 
resulted in a consistent loss of body nitrogen. 

2. The inclusion of non-essential amino acids in the diet, 
and the maintenance of nitrogen and caloric intakes by force- 
feeding did not check this loss of nitrogen. 

3. The differences between these results and those of 
Burroughs, Burroughs and Mitchell (’40) may be due to 
differences in dietary vitamin or fat contents, dietary amino 
acid compositions or to differences in levels of nitrogen intake. 
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AND OTHER DIETARY FACTORS ON THE GASTRO- 
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Recent studies from this laboratory have shown that certain 
amino acids markedly stimulated the gastrointestinal ab- 
sorption of calcium 45 and strontium 89 in the rat whereas 
other amino acids were less effective or ineffective (Wasser- 
man et al., 56). u-Lysine, p-lysine, and L-arginine almost 
doubled mineral absorption, being the most effective of the 
18 amino acids examined. The favorable effect of other sub- 
stances such as vitamin D, lactose, and milk, has been recog- 
nized for some time and recently emphasized by Fournier 
(55) for lactose and by Lengemann et al. (’57) for milk. 
The mechanism of action of these substances is not definitely 
known although many theories have been proposed (Fournier, 
55; Nicolaysen and Eeg-Larsen, ’53; Maynard, ’51). 

In order to clarify further the favorable effect of L-lysine 
on Ca*® absorption, the metabolic interrelationship between 
this amino acid and other dietary factors was examined. 
During the course of these studies, it was also noted that 
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there was a difference in the response of the rat and chick 
to both t-lysine and L-arginine. These and related observa- 
tions are reported in this paper. 


EXPERIMENTAL 


In general, calcium absorption was measured by the com- 
parative uptake in bone of a single dose of Ca*® ingested with 
and without the test substance (Wasserman et al., 56). As 
will be discussed later, it was sometimes necessary to deter- 
mine the unabsorbed Ca*® by analysis of feces and intestinal 
contents. 

For the study of the interrelationship between vitamin D 
and 1-lysine in the rat, weanling albino males of the Carworth 
strain were fed the Steenbock and Black (’25) rachitogenic 
diet for 21 days. Three days before Ca** administration, 
2,000 I.U. of vitamin D‘* were given to one half of the rats; 
the others were given the vehicle (cottonseed oil) alone. After 
a 20-hour fast, the rats were given, by stomach tube, 20 
microcuries of Ca*® and 3.6mg of carrier calcium with or 
without 0.84 millimoles of L-lysine. The feces were quantita- 
tively collected in metabolism cages and later pooled with 
the gastrointestinal contents at autopsy. The animals were 
killed at 20 hours after the Ca*® dosage, and the Ca*® in the 
femurs and feces was determined by methods described by 
Comar (’55). The response of the normal rat to either lactose 
or lysine or both substances was determined by similar 
methods. 

In the corollary vitamin D study with chicks, one-week-old 
White Leghorn cockerels were fed the A.O.A.C. (’50) rachito- 
genic diet for two to three weeks. In experiment I (A, B, C,), 
half the birds received 50 1.U. of vitamin D* orally on three 
successive days prior to Ca*® administration. In experiment 
II, half the birds received a single oral vitamin D dose of 400 
1.U. 48 hours before’ the Ca*®. The chicks not given the vita- 
min D received the vehicle alone (cottonseed oil). The chicks 


*Viosterol. 
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were fasted for 20 hours and given, by stomach tube, about 
17 microcuries of Ca** and 3.6 mg of carrier calcium with or 
without 0.84 millimoles of the amino acid or 100 mg of skim 
milk solids in suspension as indicated in table 2. In group 
IC (table 2), the chicks received the amino acid orally (or 
water for the controls) and, 90 minutes later, were injected 
intraperitoneally with 5.0 microcuries of Ca*® and 0.9 mg of 
carrier calcium. Twenty-two hours after Ca*® administration, 
the birds were killed and their tibias were excised for radio- 
assay. 
RESULTS 


L-Lysine and vitamin D each increased the absorption of 
ingested Ca*® in the vitamin D-deficient rat (table 1, experi- 
ment I), as measured by the gut absorption values or the 
accumulation of Ca*® in the femurs. When vitamin D and 
L-lysine were administered simultaneously, the over-all reten- 
tion in bone was greater than when each substance was given 
singly. It appears that the rat responded additively to the 
amino acid and the vitamin; however, it could not be deter- 
mined whether the response to the combined treatment was 
quantitative since almost complete absorption of Ca*® was 
attained when both substances were given. It was also ob- 
served that, in the presence of vitamin D (groups C and D), 
proportionally more of the absorbed Ca*® was retained by 
the femurs than when vitamin D was not administered. This 
re-emphasizes the multiple action of vitamin D in the rat, 
i.e., an effect on the absorption of calcium from the gut and 
another on bone mineralization or kidney excretion or both 
(Nicolaysen and EKeg-Larsen, ’53). 

In the second rat study (table 1, experiment II), lactose 
and t-lysine administered singly increased Ca** absorption 
to about the same degree. It will be noted that there was an 
additive effect when both lactose and t-lysine were ingested 
together. This was similar to the response seen with t-lysine 
and vitamin D. 
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The chicks, however, responded differently to some of these 
factors than did the rats. Orally administered L-lysine and 
L-arginine did not promote the Ca** absorption from the gut 
of the rachitic chick (table 2, experiments IA and IB). In 
actuality, L-lysine inhibited Ca*® absorption at a high level 
of significance (p < 0.01). The favorable effect of L-arginine 
in the rat has been previously reported (Wasserman et al., 
56). Skim milk powder also was without influence on the 


TABLE 2 


Effects of vitamin D, amino acids and milk on the absorption of Ca* 
in the rachitic chick 





Ca*® IN TIBIAS 





METHOD OF Ca® 








EXP. TRE 
eT ASMINISTRATION No vitamin D Plus vitamin D 
% of dose % of dose 
IA Control Oral 4.5 + 0.6? 11.4 + 0.9 
L-Lysine Oral 2.9+ 0.1 9.8 + 0.4 
IB Control Oral 4.2 + 0.7 8.2 + 0.6 
L-Arginine Oral 3.9 + 0.5 8.9 + 0.8 
IC Control Intraperitoneal 9.8 + 0.8 ee 
L-Lysine Intraperitoneal pets 10.4 + 0.2 
II Control Oral 3.7+ 0.3 6.9 + 0.3 
Milk Oral 3.6 + 0.3 7420.3 





*Mean + standard error of the mean. Six animals per group in experiments IA, 
IB, IC; mean body weight and tibia ash weight of chicks in experiment I were 
93 gm and 145 mg, respectively. Ten animals per group in experiment II; mean 
body weight and mean tibia ash weights of chicks in Experiment II = 127 gm 


and 184 mg, respectively. 


accumulation of Ca*® by the tibias of the rachitic chick (table 
2, experiment II). This same skim milk preparation has been 
shown by Lengemann, Comar and Wasserman (’57) to sig- 
nificantly increase Ca*® absorption in the young rat. Vitamin 
D, as expected, increased the movement of Ca*® from the 
gastrointestinal tract of the chick to the tibias. 

The effect of vitamin D on bone mineralization or kid- 
ney function in the chick was less than in the rat since no 
differences were noted in the accumulation of intraperitoneally 
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injected Ca*® by the rachitic and the vitamin D-treated chick. 
This is in general agreement with the data of Migicovsky 
and Emslie (’50), which suggested that vitamin D does not 
influence calcium deposition in the skeleton of the chicks. 
The influence of t-lysine, L-arginine, and skim milk powder 
on Ca*® absorption in the vitamin D-treated chicks could not 
be evaluated. Since the level of Ca*® in the tibias of the 
intraperitoneally injected chicks essentially represents 100% 
absorption, it is clear that vitamin D alone caused almost 
complete absorption of the isotope. Additional favorable 
influences of any substance were thus not observable. 


DISCUSSION 


When animals to be compared are under similar physiologi- 
cal conditions, it is generally accepted that the appearance 
of ingested Ca** in bone is a reliable index of absorption and 
it was previously demonstrated that, in the rat, L-lysine af- 
fected the absorption of Ca*® only (Wasserman et al., ’56). 
The data in table 1 emphasize that the action of vitamin D 
was slightly less effective than .t-lysine in enhancing the 
absorption of calcium, but that the vitamin did have the 
additional action in raising the amount of absorbed Ca* 
deposited in bone. This underlines the need for caution in 
the use of bone deposition as a measure of absorption. As 
shown in table 1, however, animals of the same vitamin D 
status responded identically to the influence of L-lysine on 
Ca*® absorption as measured by either bone deposition or 
fecal excretion. 

In the normal and vitamin D-deficient rat, the gastrointes- 
tinal absorption of Ca*® was stimulated by t-lysine, L-arginine 
(Wasserman et al., 56), lactose, and skim milk powder (Lenge- 
mann et al., 57). The rachitic chick, however, did not respond 
to either L-lysine, L-arginine, or skim milk powder. Lactose, 
a major constituent of milk solids, would undoubtedly be 
without effect in the chick. There appears to be a distinct 
species difference in the ability of these substances to pro- 
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mote calcium absorption. It seems unlikely that the differ- 
ences in the composition of the diets received by the experi- 
mental animals would suffice as an explanation; the rats on 
either a normal diet or a highly deficient diet responded to 
lysine whereas the chicks given a diet deficient only in vitamin 
D did not respond. 

By indirect evidence, Lehmann and Pollack (’41—’42) sug- 
gested that amino acids would promote calcium absorption 
by virtue of the increased solubility of calcium in their 
presence. Since similar conditions, for example, pH, exist 
in the intestinal tract of both species (Dukes, ’55), one would 
not expect the solubility of calcium salts as affected by amino 
acids or lactose per se to differ between species. Other physi- 
cochemical reactions, such as complex or chelate formation 
between the mineral and t-lysine or lactose, should also be 
similar in the chick and rat. Another point of similarity 
between these species is the response of their bacterial flora 
to dietary lactose. Dietary lactose leads to an increase in 
the number of lactic acid bacteria in both the fowl and rat 
(Johansson et al., ’48; Nath et al. ’48). Therefore, it is 
unlikely that physicochemical reactions or changes in the 
bacterial flora and their subsequent metabolism would ac- 
count for the observed species differences, especially under 
the short duration of these experiments. The alternate hy- 
pothesis is that these dietary factors elicit their favorable 
response in the rat by a direct action on tissue metabolism 
or, more specifically, the metabolism of the intestine. How- 
ever, the stimulation of the flow of digestive juices by t-lysine 
or lactose and the subsequent effect of these juices on calcium 
absorption offers another possible explanation. 

The early studies of Kline et al. (’32) have shown that 
lactose increases calcification in the rachitie chick. This in- 
vestigation was of longer duration than the presently reported 
experiments and could not differentiate between effects on 
bone mineralization per se or calcium absorption. The present 
findings that milk solids (which include lactose) have no 
effect on calcium absorption in the chick suggest a direct 
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influence of these substances on ossification. However, it has 
been determined in this laboratory that ingested lactose does 
not increase the deposition of parenterally administered Sr®* 
in the femurs of the rat. From experience in similar studies 
with Ca*® and Sr*® (Wasserman et al., ’56), it can be inferred 
that lactose would also not have a direct effect on deposition 
of Ca*® in bone under the conditions of these experiments. 
The influence of lactose on parenteral Ca*® in the chick has 
not been investigated. 

Of particular interest is the response of the rat to the 
combined t-lysine and vitamin D treatment. It had previously 
been shown that the maximum effect of t-lysine on calcium 
absorption occurred at a molar ratio of lysine to calcium of 
about 3:1 (Wasserman et al., 56). In the present experiment, 
the molar ratio was 9:1 and, therefore, the lysine-stimulated 
route was undoubtedly at saturation. Since vitamin D pro- 
moted a further response above that of L-lysine alone, it is 
suggested that the vitamin D and lysine do not replace each 
other in the calcium absorption process. Complete independ- 
ence of action, however, cannot be deduced from these data. 
The lactose and L-lysine interaction also appeared to be addi- 
tive. Again, complete independence of action cannot be elimi- 
nated in view of these limited data although it can be suggested 
that the two latter processes were not competitive. 


SUMMARY 


1. Singly administered t-lysine and vitamin D promoted 
Ca** absorption in the vitamin D-deficient rat. The combined 
effect of t-lysine and vitamin D was about the sum of the 
effects of the individual components. t-Lysine and lactose 
singly increased Ca*® absorption in the normal rat, and their 
combined effect was also additive. 

2. In contrast to the rat, L-lysine, L-arginine, and skim 
milk powder did nof increase Ca*® absorption in the rachitic 
chick. Treatment of the rachitice chick with vitamin D resulted 
in nearly complete absorption of Ca*® in this species. For 
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this reason, the combined effect of other substances with vita- 
min D could not be evaluated. 

3. Proportionally more of the absorbed Ca**® was found in 
the femurs of the vitamin D-supplemented rat than in the 
vitamin D-deficient rat. Vitamin D had no apparent effect on 
the deposition of absorbed Ca** in the tibias of the rachitic 


chick. 
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INTRODUCTION 


‘*Millet’’ is a generic term applied to any of various small 
seeded cereals and forage grasses and frequently used in 
some countries as a general designation for sorghum, wheat 
or other native cereals. Botanically, distinct species are 
regarded as millets, the most common of which are Panicum 
miliaceum (common millet), Setaria italica (Italian millet), 
Eleucine coracana (finger millet or ragi), Pennisetum ty- 
phoideum (pear] millet) and Echinochloa crusgalli (Japanese 
barnyard millet). Anderson and Martin (’49) detail the 
macroscopic structure and characteristics of these various 
species of millet. 

Millet is often considered to be a ‘‘poor man’s cereal.’’ In 
some regions of Eastern Europe and Africa it is consumed 
in the form of porridge or flatbread. In the United States it 
is used mainly in poultry feed. Few studies have been made 
of the nutritive value of this cereal. Data concerning the 


* A portion of these data are taken from a thesis submitted to Vanderbilt Uni- 
versity by one of the authors (A.S.M.) in partial fulfillment of the requirements 
for the degree of Master of Science in Biochemistry. 

* This study was supported in part by grants from the Williams-Waterman Fund 
for the combat of dietary diseases and from the E. I. du Pont de Nemours and 
Company. 
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protein and amino acid content and nutritional value of 
various millets (Adolph and Cheng, ’35; Swaminathan, ’37; 
Lal, 50; and Balasubramanian et al., 52) are incomplete. The 
recent publication of Baptist and Perera (’56) on the es- 
sential amino acid content of 4 varieties of millet adds 
materially to the knowledge of these grains. The present 
investigation was prompted by the observation (Marie, 10; 
Vilter and Darby,”) that a lower incidence of pellagra exists 
in areas where this cereal is used, alone or admixed with maize, 
than where maize alone is eaten. This report presents data 
concerning the amino acid content of millet (Setaria italica) 
and observations on rats of the supplementary effect of the 
cereal on a maize-containing diet. 


EXPERIMENTAL 


The maize used was a locally grown, open pollinated variety 
known as ‘‘Jarvis.’’ The millet studied was a locally grown 
Italian millet (Setaria italica), also known as German millet. 
Both cereals were ground to a fine meal for feeding.* Wean- 
ling female albino rats, 40 to 55gm body weight, of the 
Sprague-Dawley strain. were randomly divided into groups 
of 4 to 9 animals, individually caged, and fed the indicated 
experimental diets. Water and food were supplied ad libitum. 
The rats were weighed at three-day intervals during an ex- 
perimental period of 21 to 29 days. 

The basic formula for the experimental diets contained 
9% vitamin-free casein, 5% cottonseed oil,® 4% salts,* 0.2% 
L-cystine and 71.8% sucrose. This was supplemented by the 
following quantities of vitamins in milligrams per 100 gm 
of diet: thiamine hydrochloride, 0.2; riboflavin, 0.3; pyridox- 
ine, 0.25; dl-Calecium pantothenate, 2.0; choline chloride, 100; 
inositol, 10; biotin, 0.01; and pteroylglutamic acid, 0.02. Suit- 

* Unpublished data. 

* We are indebted to the Dixie Elevator Company for grinding the millet used 
in this study. j 


* Nutritional Biochemicals Corporation. 
* Wesson Oil. 


* Hubbell, Mendel and Wakeman (37). 
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ably fortified halibut liver oil was added to the ration once 
each week to provide the following intakes: vitamin A, 400 
LU; vitamin D, 4 I.U.; 2-methyl-1, 4-naphthoquinone, 0.06 
mg; and alpha-tocopherol, 0.7 mg. The supplements studied 
(maize, millet, niacin, tryptophan and lysine) were incor- 
porated at the expense of sucrose and at the levels indicated 
in tables 2, 3, 4, 5 and 6. 

The total nitrogen content of millet and maize was deter- 
mined by the macro-Kjeldah] method (Association of Official 
Agricultural Chemists, 50). The estimate of protein content 
was made by multiplying the per cent nitrogen in a sample 
by 6.25. Moisture was determined by drying the sample to 
constant weight at 110°C. 

The amino acid composition of millet and maize was de- 
termined microbiologically. Tryptophan was estimated by 
the procedure of Greene and Black (’44), and niacin was 
determined by a modification of the method of Snell and 
Wright (’41). Both of these assays were made at the con- 
ventional 10 ml assay level. Assays for other amino acids 
(lysine, tyrosine, phenylalanine, methionine, valine, leucine, 
isoleucine, arginine and cystine) were carried out in a total 
volume of 2ml according to the procedure of Snell (’45). 
Commercial assay media’ were used in the determination of 
all amino acids except tryptophan, threonine, and histidine. 
The latter amino acids were determined using Streptococcus 
faecalis 29-21% and Lactobacillus arabinosus ATCC 8014, 
respectively, according to the procedure of Stokes et al. 
(745). 

RESULTS AND DISCUSSION 

The amino acid and niacin contents of millet and maize used 
in the present investigations are given in table 1, along with 
values from the literature for whole wheat, ragi and Italian 
millet. The niacin content of millet found in this study 
(1.40mg %) is similar to that reported by Aykroyd and 

*Difeo Laboratories, Detroit, Michigan and H and M Chemical Company, Santa 


Moniea, California. 
* Harrison, A. P., and P. A. Hansen, J. Bact., 59: 197, 1950. 
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Swaminathan (’40). However, later studies by Swaminathan 
(’44), indicated a much lower (0.7 mg %) niacin content of 
the same kind of millet and Giri and Nagana (’41) reported 
that Italian millet does not contain measurable amounts of 
this vitamin. Our analyses indicate a niacin content of 
millet somewhat lower than that of maize and wheat and 
approximately that found in ragi (finger millet). The vari- 
ability in results obtained by these investigators may be 
due to different methods of determination. Giri and Nagana 
(41) and Swaminathan (’44) used a chemical method of 
analysis, while Aykroyd and Swaminathan (’40) employed a 
microbiological method of determination. 

The amino acid values obtained in this study and the results 
of Baptist and Perera (’56) are compared in table 1. With 
the exception of leucine and isoleucine, the values reported 
by these workers are somewhat higher than ours. Whether 
this discrepancy reflects actual differences in the amino acid 
content of the samples assayed or differences in the techniques 
employed cannot be stated. However, both analyses reveal 
a similar amino acid distribution pattern with lysine being 
the most limiting amino acid. The nutritional significance of 
the relatively high tryptophan content of Italian millet will 
be discussed later. In general, the assay values presented 
here tend to confirm the relatively high biological value of this 
cereal as reported by others (Niyogi et al., ’34; Swaminathan, 
’°37; Mukjerjee and Parthasarathy, ’48). 

A few studies of the amino acid composition of ragi (finger 
millet) are available and the data from the publications of Lal 
(50), Balasubramanian, et al. (’52) and of Baptist and 
Perera (’56) are included in table 1. On the basis of the 
analytical data, Italian millet is clearly superior to ragi as 
a protein source. Except for lysine, the amino acid composi- 
tion of the former is superior in every case. The amounts of 
tryptophan, leucine, histidine, isoleucine and phenylalanine 
found in Italian millet are approximately three times those 
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found by Lal (’50) and Balasubramanian et al. (’52) in ragi. 
The report of Baptist (’54) indicates a higher amino acid 
content of the same variety of millet. The discrepancy in 
results obtained by these investigators indicate the need for 
more reliable analyses of this cereal. However, the data of 
Baptist (’54) on ragi would tend to confirm the high biological 
value of this grain as reported by others (Niyogi et al., ’34; 
Swaminathan, ’37; and Mukjerjee and Parthasarathy, ’48). 
It is especially important that Italian millet is quantitatively 
richer in total protein than is ragi. Additional confirmatory 
amino acid analyses for the several millets are needed to 
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Fig. 1 Amino acid proportions in millet and maize protein compared with 
proportions utilized in rat growth. Amino acid proportions in protein calculated 
on the basis that tryptophan = 1. 
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permit selection of the variety of this cereal best suited for 
human and animal feeding. 

In comparing the amino acid composition of Italian millet 
with that of maize, it is seen that this millet contains twice 
as much tryptophan as does maize, but is more limited in 
lysine, tyrosine, arginine and histidine. In figure 1, the 
proportions of amino acids of millet and maize are compared 
with those reported by Flodin (’53) as optimum for growth 
of the rat. On this basis, Italian millet appears to be most 
deficient in lysine, but is probably also inadequate in histidine, 
threonine, valine and methionine and cystine. Despite the 
limitations of this method of assessment, the nutritional 
weakness of this cereal as a sole source of protein is evident. 
The inadequacy as predicted from these analyses has been 
confirmed, and will be discussed later. 

The total protein content of Italian millet is higher than 
that of maize or ragi, but slightly lower than wheat. The 
discrepancy in the protein contert of ragi as reported by 
Lal (’50) and by Baptist (’54) requires clarification. 

Data on the growth-promoting value of maize and millet 
are shown in table 2. These data are for rats on a basal diet 
containing 9% casein. All results are expressed as total 
weight gains and protein efficiency ratios.° The control 
animals fed the basal diet + 40% maize grew poorly, with 
a resulting total weight gain of but 40gm and a protein 
efficiency ratio of 1.40 during the experimental period of 
29 days. In this experiment, the growth was less than that 
obtained on the basal diet alone. Supplementing the ration 
with 3mg% of niacin enhanced both the growth and protein 
efficiency ratios to 108 gm and 2.42, respectively. To compare 
the supplementary value of millet to that of maize, rats were 
fed the basal (9% casein) diet + 40% millet. In contrast 
to the maize diet, this ration satisfactorily supported growth 
with a total weight gain of 109 gm and a protein efficiency 


: 3 grams gain in body weight 
* Protein Efficiency Ratio (P.E.R.) = — 
grams protein consumed 
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ratio of 2.24. Increasing the content of millet to 80% did 
not result in an enhancement of growth beyond that attained 
when millet was fed at the level of 40%. In spite of the fact 
that these diets contained less niacin than did the comparable 
maize diets, it is of interest that no significant effect on the 


TABLE 2 


Supplementary effect of millet, maize and niacin* on the growth of rats 
receiving a basal 9% casein diet 





TOTAL NIACIN TRYPTO- 





: . AVERAGE INTAKE PHAN 
a Seer ae Te ol, ee 
IN 29 DAYS —— a 
%o gm gm mg mg 
None (4)* 54+ 4¢ 1.98 26.79 0.00 106 
Niacin (3) 68 +4 2.20 30.95 3.00 106 
Maize, 40 (4) 40 +3 1.40 28.58 1.10 133 
Maize, 40 + niacin (4) 108 + 11 2.42 44.64 4.10 133 
Millet, 40 (4) 109 + 2 2.24 48.63 0.49 192 
Millet, 40 + niacin (4) 97 +5 2.08 46.73 3.49 192 
Millet, 40 + maize, 40 (4) 117+4 1.77 66.42 1.59 219 
Maize, 40 + millet, 40 + 
niacin (4) 105+ 4 1.63 64.46 4.59 219 
Maize, 20 + millet, 40 (4) 114+38 1.93 58.94 1.04 206 
Maize, 20 + millet, 40 + 
niacin (4) 105 + 4 1.89 56.68 4.04 206 
Millet, 80 (4) 111+2 1.57 70.65 0.98 278 
Millet, 80 + niacin (4) 112 +6 1.60 69.99 3.98 27 





* All niacin supplements added were at 3 mg per 100 gm diet. 
? Protein efficiency ratio expressed pe ee oe ee a. 
grams of protein consumed 
*Number within parentheses indicates the number of animals used in each 
group. 
* Values represent average + standard error of the mean. 


growth of rats was observed when the millet-containing 
rations were supplemented with niacin. This is attributed 
to the higher tryptophan content of millet and possibly to 
the greater availability of its niacin. The basal diet + 40% 
maize supplemented with 40% millet supported growth with a 
resulting total weight gain of 117 gm. However, the protein 
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efficiency ratio was less than that found with the 40% millet 
diet or 40% maize + niacin diet. 

The growth produced by basal diet + 40% maize + 40% 
millet was equivalent to that produced by the basal-maize 
diet + niacin. The addition of niacin to basal + maize + mil- 
let diets improved neither growth nor the protein efficiency 
ratio. Reducing the amount of maize to 20% in the diet did 
not significantly affect the growth of rats. However, the 
protein efficiency rations produced by diets containing 20% 
maize were slightly higher than those containing 40% of this 
cereal. 

Since supplementation of the maize diets with either niacin 
or 40% millet enhanced both growth and the protein efficiency 
ratio, an experiment was devised to determine whether the 
supplementary effect of millet was due primarily to its niacin. 
The millet contained 1.40mg% of niacin. Groups of rats 
were fed the basal diet + 40% maize supplemented with 
different levels of millet (5%, 10%, 20% and 40%) for an 
experimental period of 26 days. The growth of these animals 
was compared to that of groups receiving the basal diet 
supplemented with amounts of niacin (0.06, 0.12, 0.24 and 
0.48 mg%) equal to that in each of the millet supplements. 
The results are shown in table 3. The addition of various 
levels of millet to basal -+ 40% maize diet (replacing an 
equivalent amount of sucrose) enhanced growth above that 
obtained when the equivalent amount of niacin was added. 
The best growth was obtained with the basal + maize diet 
supplemented with 20% or 40% millet. The addition of 
niacin alone did not enhance the growth of the rats on a 40% 
maize diet until the level of 0.24 mg% was reached. It should 
again be noted that although the growth obtained with millet 
supplementation was superior in every case, the protein ef- 
ficiency ratios were not uniformly superior. 

Inasmuch as the niacin content of millet did not appear 
to be the sole factor responsible for the enhancement of 
growth of rats receiving the basal + maize diet, a study was 
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made to determine whether the tryptophan content was the 
remaining factor involved. The tryptophan content of millet 
was 0.21%. Different levels of millet (5%, 10% and 20%) 
were added to the basal + maize diet and fed to rats for an 
experimental period of 27 days. The growth of these animals 
was compared to that of rats receiving the basal + maize diet 
supplemented with amounts of tryptophan (11, 22, and 44 
mg%) equivalent to that contributed by millet at each level. 
Table 4 presents the results of this experiment. The addition 


TABLE 3 


Effect of varying levels of millet and its niacin equivalence on the growth of 
rats* receiving a 9% casein + 40% maize diet 





TOTAL NIACIN TRYPTO- 








9% CASEIN + crowrn IN Pee, «PROTEIN INTAKE PER reac pup 
40% MAIZE DIET 26 DAYS 26 DAYS DIET — 
To gm gm mg mg 
None 59 + 5? 1.96 30.10 1,10 133 
Niacin, 0.06 mg 59 + 4 2.35 25.11 1.16 133 
Millet, 5 84+ 11 2.44 34.41 1.16 144 
Niacin, 0.12 mg 59 + 12 2.12 27.80 1,22 133 
Millet, 10 97 +4 2.33 41,66 1.22 155 
Niacin, 0.24 mg 88 + 11 2.75 31.97 1,34 133 
Millet, 20 109 + 2 2.16 50.38 1.34 177 
Niacin, 0.48 mg 96+ 2 3.22 29.85 1.58 133 
Millet, 40 1l11+3 1.98 56.18 1.58 219 





* Four animals were used in each group. 
? Standard error of the mean. 


of tryptophan ‘‘equivalents’’ to the millet + maize diet per- 
mitted the same level of growth as that supported by the 
millet supplements. Furthermore, the addition of both niacin 
and tryptophan to the maize diet resulted in no further 
enhancement of growth. From these data, it is evident that 
the supplementary value of millet in the low-casein, raw 
maize diet may be attributed primarily to its tryptophan 
content. Again, the interesting observation is made that 
although growth rate is increased as the millet content of the 
diet is raised, the protein efficiency ratio shows a downward 
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drift. This suggests that amino acids, other than tryptophan, 
provided by the millet are used less efficiently when present 
in higher amounts and could be due to the fact that, as the 
millet content of the diet is increased, lysine becomes more 
and more limiting. It is unlikely that the capacity of the rat 
to synthesize protein has been exceeded in these experiments. 


TABLE 4 


Supplementary effect of millet, tryptophan and niacin-tryptophan on the growth 
of rats* receiving a 9% casein + 40% maize diet 





TOTAL 





SUPPLEMENTS TO AVERAGE saaneee NIACIN TRYPTOPHAN 
9% CASEIN + GROWTH IN P.E.R. INTAKE IN INTAKE PER INTAKE PER 
40% MAIZE DIET 27 DAYS 27 DAYS 100 GM DIET 100 GM DIET 
Teo gm gm mg mg 
None 78 + 8? 2.42 32.25 1.10 133 
Millet, 5 96 + 5 2.66 38.08 1.16 144 
Tryptophan, 11 mg 100 +3 2.81 35.59 1,10 144 
Niacin, 0.06 mg + 
tryptophan, 11 mg 97+3 2.51 38.64 1.16 144 
Millet, 10 104+ 5 2.55 40.72 1,22 155 
Tryptophan, 22 mg 96 +1 2.64 36.35 1.10 155 
Niacin, 0.12 mg + 
tryptophan, 22 mg 103 + 3 2.63 39.10 1.22 155 
Millet, 20 105+ 5 2.26 46.48 1,34 177 
Tryptophan, 44 mg 101+ 6 2.67 37.76 1,10 177 
Niacin, 0.24 mg + 
tryptophan, 44 mg 103 + 3 2.57 40.09 1.34 177 





* Seven animals were used in each group. 
* Standard error of the mean. 


When millet is eaten by humans it may constitute a very 
high percentage of the dietary. Accordingly, a further study 
was made of the effect of this cereal when given as the sole 
source of protein in the diet, i.e. without casein. The growth 
performance of rats fed a diet containing 89% millet for an 
experimental period of 21 days is given in table 5. Rats on 
the 89% millet diet grew poorly during the 21-day period 
with an average weight gain of but 18 gm and a protein 
efficiency ratio of 1.06. Supplementing the diet with niacin 
or tryptophan or both did not improve growth or the protein 
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efficiency ratios. However, upon addition of lysine to the 89% 
millet diet, growth was improved considerably with a resulting 
total weight gain of 83 gm and a protein efficiency ratio of 
3.17. Figure 2 depicts this dramatic growth response to lysine 


TABLE 5 


Effect of niacin, tryptophan, and lysine* supplements on the growth of rats 
receiving maize, millet, and maize-millet rations 








; TOTAL NIACIN al 
pier onoWTH IN pe, PROTEIN, INTAKE NA 
21 Days IN 21 DAYS DIET PER 100 Gm 
DIET 
% gm gm mg mg 
Maize, 89 (4)* ay 33° 1.54 11.04 2.45 60 
Maize, 89 + niacin (4) 23 +7 1.69 13.64 5.45 60 
Maize, 89 + 
tryptophan (4) 17+3 1.36 12.36 2.45 460 
Maize, 89 + niacin + 
tryptophan (4) 19+3 1.58 12.05 5.45 460 
Millet, 89 (9) 18+ 2 1.06 16.93 1.09 191 
Millet, 89 + niacin (9) 20+ 5 1.04 19.21 4.09 191 
Millet, 89 + 
tryptophan (9) 14+1 0.80 17.55 1.09 591 
Millet, 89 + niacin + 
tryptophan (9) 13 +2 0.80 16.19 4.09 591 
Millet, 89 + lysine,1 (5) 83243 3.17 26.21 1.09 191 
Maize, 89 + millet,2 (9) 21242 1.56 13.48 2.47 64 
Maize, 80 + 
millet, 10 (9) 19+3 1.44 13.19 2.32 76 
Maize, 80 + millet, 5 + 
niacin (9) 19+3 1.57 12.13 5.26 65 
Maize, 80 + millet, 10 + 
tryptophan (9) 15+1 1.38 10.86 2.32 476 
Maize, 80 + millet, 10 + 
niacin ++ trypto- 
phan (7) a = i 1.07 12.10 5.32 476 
Maize, 80 + millet, 10 + 
niacin + lysine, 1 (6) 146+1 1.54 10.42 2.32 76 
Maize, 80 + millet, 10 + 
niacin + tryptophan 
+ lysine, 1 (7) 5224 3.05 17.05 5.32 476 





Amount of niacin added was 3 mg per 100 gm of diet. 

? Amount of tryptophan ddded was 400 mg per 100 gm of diet. 

*1-Lysine was added in the form of Darvyl (du Pont Co.) containing 95% of 
L-lysine- HCl and 5% of D-lysine- HCl. 

«Number within parentheses indicates the number of animals used in each group. 

* Standard error of the mean. 
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supplementation. This finding confirms the amino acid anal- 
yses which indicated that this cereal was deficient in lysine. 

When maize was the sole cereal and only source of protein 
in the diet, growth was also very poor and the addition of 
niacin or tryptophan or both had no effect. Addition of millet 
at the levels 2, 5 and 10%, as well as of niacin and tryptophan 
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Fig. 2 Effect of lysine supplementation on the growth of rats fed an 89% 
millet diet. 


supplements to the 80% maize diet, did not improve the 
growth or protein efficiency ratio. However, addition of 
lysine to a diet of 80% maize + 10% millet + niacin + tryp- 
tophan improved growth appreciably with a resulting total 
weight gain of 52gm and protein efficiency ratio of 3.05. 
Lysine was without effect in the absence of niacin and 
tryptophan, indicating that the diet of 80% maize + 10% 
millet is deficient in tryptophan and lysine to about the same 
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degree and that the addition of both of these amino acids is 
necessary to obtain a good growth response. 

Since lysine improved the growth of rats receiving a diet 
containing millet as the sole protein source, and the com- 
bination of this amino acid and tryptophan was necessary 
for growth on a 80% maize+10% millet diet, a study 
was made to determine whether the same effect could be 
demonstrated on a ration containing equal parts of maize 
and millet. Rats were fed a diet containing 40% maize + 


TABLE 6 


Effect of niacin, tryptophan and lysine on the growth of rats* consuming a diet 
containing 40% maize + 40% millet 








TRYPTO- 








: 3 TOTAL en 
an wane 40: % enneran: = P.E.R. cana uae ou =. 
MILLET DIET 21 DAYS 21 DAYS 100 GM DIET 3 09 Gu DIET 
% gm 7 gm mg mg 
None 14+ 2? 1,10 12.73 1.59 113 
Niacin, 3 mg 16+1 1,21 13.17 4.59 113 
Tryptophan, 400 mg 16+ 2 1,14 14.03 1.59 513 
Lysine, 1 66 + 2 3.19 20.69 1.59 113 
Niacin, 3 mg + tryp- 
tophan, 400 mg 16+ 3 1.19 13.42 4.59 513 
Niacin, 3 mg + tryp- 
tophan, 400 mg + 
lysine, 1 58 + 5 3.10 18.69 4.59 513 


* Six animals were used in each group. 
* Standard error of the mean. 


40% millet for a period of 21 days and their growth compared 
with that of a group receiving the same diet supplemented 
with combinations of lysine, niacin and tryptophan (table 
6). ' Poor growth occurred in rats fed 40% maize + 40% 
millet in which the resulting total weight gain was but 14 gm 
and the protein efficiency ratio 1.10. The addition of lysine 
to the ration resulted in an increase of growth to 66 gm and 
a protein efficiency ratio of 3.19. Neither niacin, tryptophan, 
nor a combination of both, had any effect upon growth. 
Furthermore, these supplements did not improve the growth 
response to lysine. 
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It is evident that as the millet content of a maize diet is 
increased, the diet becomes more deficient in lysine and less 
so in tryptophan. This, combined with the fact that millet 
corrects a maize-induced niacin deficiency in the rat, seems 
to explain the low incidence of pellagra in those maize-con- 
suming areas where millet is also used, and further suggests 
that under such circumstances one may encounter a limitation 
due to lysine. The improvement in growth of the rat brought 
about by the addition of lysine to a whole millet diet and 
to certain maize-millet mixtures is evident. Clinical manifes- 
tations of lysine deficiency have not been described in humans, 
and the requirements of man under such conditions is not 
known. The consequences of pellagra are well known. It 
would appear that in regions of endemic pellagra where the 
dietary is largely maize, one might beneficially encourage the 
use of millet. In such cases, careful attention should be given 
to selection of a variety of millet of high tryptophan content, 
such as the species here studied. Because of the variation in 
composition of millets, further knowledge of the amino acid 
composition of the various types is desirable. From the amino 
acid and niacin content of wheat, it should have a similar use- 
fulness in maize diets and, again, the epidemiological obser- 
vations are in accord with such expectations. 

In regard to the nutritional value of millet in the human 
diet, it is of interest that Marie (’10) remarked on the 
absence of pellagra among the millet eaters of Egypt, and 
that Pieraerts (’42) observed a decreased incidence of 
kwashiorkor in the Belgian Congo in a year when both 
maize and millet were available for incorporation into the 
manioc bread consumed as the principal food. 


SUMMARY 


1. Microbiological analyses of Italian millet (Setaria ital- 
ica) for the essential amino acids suggested that this cereal 
was deficient in lysine, but of high tryptophan content. The 
analytical data were confirmed by the findings that millet will 
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correct the niacin deficiency (mainly by virtue of its tryp- 
tophan content) induced in the rat by a diet of 9% casein 
+ 40% maize and that the addition of 1% lysine to an 89% 
millet diet increased the growth of weanling rats 4 to 5-fold. 

2. The addition of 1% lysine to a diet of 40% maize + 40% 
millet improved growth considerably, but no growth response 
was obtained by lysine addition to a diet of 80% maize + 10% 
millet unless niacin and tryptophan were also added. As 
millet is added to a maize diet the character of the diet 
changes from one that is deficient in niacin, tryptophan and 
lysine to one that is deficient in lysine alone. 

3. It is concluded that the low incidence of pellagra in 
maize-millet-consuming areas is a reflection of the high tryp- 
tophan content of the latter cereal. 


ADDENDUM 


After this manuscript was submitted for publication the 
excellent report by Adrian and Sayerse (’54) came to our 
attention. These workers present microbiological data on the 
essential amino acid content of 4 varieties of millet cultivated 
in Africa and India. In contrast to the millet which we have 
studied, these varieties were found to be relatively rich in 
lysine and more limiting in tryptophan. Otherwise, the 
cereals were comparable. 
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Nelson and Evans (’46) demonstrated that pantothenic 
acid deficiency in the rat resulted in fetal death with resorp- 
tion or in undersized young, some of which were stillborn. 
Since then, Lefebvres-Boisselot (’51) has observed a high 
incidence of cerebral and eye defects, digital hemorrhages and 
edema in rat fetuses from pantothenic acid-deficient mothers. 
Zunin and Borrone (’54) have reported the occurrence of 
similar anomalies in the offspring of pregnant rats given 
pantothenic acid-deficient diets containing the antimetabolite, 
pantoyltaurine. These reports have prompted our reinvestiga- 
tion of the effects of pantothenic acid deficiency on embryonic 
development in the rat. The effects of the vitamin antimet- 
abolite, omega-methyl-pantothenic acid, have also been 


studied. 
METHODS 


Stock female rats of the Long-Evans strain, 60 to 65 days of 
age, were placed on the pantothenic acid-deficient diet on the 
day of breeding; others were bred after approximately 4, 10 
or 20 days of the vitamin deficiency and continued on the 
deficient diet. Control animals received the pantothenic acid- 
deficient diet for 18 to 20 days before breeding and 


* Presented in part at the 20th annual meeting of the American Institute of 
Nutrition, April, 1956 (Evans et al., ’56). This research was aided by grants 
from the United States Public Health Service A-841 and the Roche Anniversary 
Foundation. 
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then were given the vitamin-supplemented diet throughout 
gestation. Twenty to 24 rats were used for each experimental 
group. 

To determine the effects of the vitamin deficiency when 
limited to the first half of pregnancy, rats of the same age 
were placed on the pantothenic acid-deficient diet for the first 
12 or 14 days of gestation and then given the vitamin-supple- 
mented diet for the remainder of the gestation period. To test 
the accentuating effects of the antimetabolite, other rats were 
maintained on the vitamin-deficient diet for the first 9 or 11 
days and then given the deficient diet containing the 
antimetabolite ? for only two or three days. Following the 
antimetabolite period, the animals received the vitamin- 
supplemented diet for the remainder of gestation. 

All rats were autopsied on the 21st day of gestation, one 
day before parturition; the fetuses were removed by Cesarean 
section and examined macroscopically for abnormalities. 

The pantothenic acid-deficient diet was composed of 18% 
alecohol-extracted casein, 70% sucrose, 8% hydrogenated 
vegetable oil* and 4% salts‘. Crystalline vitamins per 
kilogram of diet were: 300 pg of d-biotin, 5 mg of 2-methyl-1, 
4-naphthoquinone, 5 mg of thiamine HCL, 5 mg of pyridoxine 
HCL, 5.5 mg of pteroylglutamic acid, 10 mg of riboflavin, 10 
mg of p-aminobenzoic acid, 20 mg of niacin, 400 mg of inositol, 
and 1 gm of choline chloride. The control diet contained 50 mg 
of d-calcium pantothenate per kilogram of diet. All rats 
received weekly a fat-soluble vitamin mixture containing 800 
U. S. P. units of vitamin A, 115 chick units of vitamin D, 
6 mg synthetic dl-alpha-tocopherol, and 650 mg corn oil °. 

With respect to vitamin B,»., it seems to be well established 
that supplements of this vitamin are unnecessary for short- 

* Five to 10 gm of sodium omega-methyl pantothenate were used per kilogram 
of diet. The compound was obtained from the California Foundation for 


Biochemical Research, Los Angeles, California. 
* Crisco or Primex. ; 


*Salts 4 of Hegsted et al. (’41). 
* Mazola. 
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term experiments in the rat unless specially purified proteins 
are used or acute stress conditions imposed. Stock rats of the 
Long-Evans strain have been shown to have sufficient stores 
of vitamin B,. to meet the stress of lactation on purified 
diets *°. In studies on riboflavin deficiency (Nelson et al., ’56), 
supplements of vitamin B,. were given but it was not possible 
to detect any significant differences related to this vitamin. 


TABLE 1 


Effect of pantothenic acid deficiency on fetal development in the rat 

















DEFICIENCY WT. CHANGE = ae 
Prion TO 8=—- BATS DURING ———— prey 
BREEDING GESTATION Total no. per litter Abnormal 
days no. gm % % % 
Pantothenic acid-deficient diets throughout gestation 
0 23 + 74 22 78 160 8.9 14 
4 20 + 53 32 68 87 6.7 29 
8 21 + 27 57 43 45 5.0 20 
10 20 + 29 70 30 44 6.3 16 
20 21 — 6 100 0 0 
Pantothenic acid-supplemented diets throughout gestation 


19 24 +115 0 100 249 10.4 0 





RESULTS 


Table 1 shows that when pantothenic acid deficiency was 
instituted at the beginning of pregnancy, fetal death with 
resorption of the entire litter occurred in 22% of the animals. 
In the living young, 14% showed macroscopic abnormalities. 
When the deficiency was started just 4 days before breeding, 
embryonic development was more severely affected, the 
incidence of abnormal young increasing to 29% and fetal 
death with resorption to 32%. With longer periods of 
deficiency before breeding, fetal death with resorption of the 
entire litter increased, and when the deficiency was instituted 
20 days before breeding all animals resorbed. The pregnant 


* Unpublished data. 
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rats in all groups exhibited no external signs of the vitamin 
deficiency, e. g. greying of the fur, dermatitis, porphyrin 
deposition, but did not gain as much weight during the gesta- 
tion period as did vitamin-supplemented controls. However, 
it may be noted that even one month of the vitamin-deficient 
diet (10 days before breeding plus 21 days of pregnancy) did 
not result in a loss of body weight. Addition of pantothenic 
acid to the deficient diet throughout the entire gestation period 


TABLE 2 


Effect on fetal development of pantothenic acid deficiency accentuated 
by an antimetabolite for two or three days 











~ we — __YouNG 
wi. ANvt- RATS CHANGE RESORP- 
CIENT METABOLITE LITTERS Av. no. 
BRED DURING TIONS Total Ab- 
bint PERIOD? GESTATION no. nl normal 
“days —s days no. gm % E a 
0-12 none 10 +116 0 100 94 9.4 0 
0-11 9-11 11 + 98 27 73 71 8.9 15 
9-12 
0-14 none 12 +107 0 100 101 8.4 10 
0-13 10-13 8 + 94 25 75 54 9.0 24 
11-14 





*The pantothenic acid-deficient diet contained 5 to 10 gm per kilogram of the 
antimetabolite, omega-methyl-pantothenic acid during this period; prior to this the 
deficient diet without the antimetabolite was given. 


prevented effects from the 18 to 20 days of deficiency before 
breeding and fetal development was normal. 

Table 2 shows that fetal development was only slightly 
disturbed when the pantothenic acid-deficient diet was given 
during the first 12 or 14 days of pregnancy. All animals had 
living young at autopsy and only a few abnormal young 
(0 to 10%) were found. If the deficiency was accentuated by 
the addition of the antimetabolite, omega-methyl-pantothenic 
acid, to the diet for only two or three days during the second 
week of pregnancy, embryonic development was seriously 
disturbed. Fetal death with resorption occurred in one fourth 
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(25 to 27%) of the pregnancies and 15 to 24% of the living 
young were abnormal. Accentuation of pantothenic acid- 
deficiency in the rat by this antimetabolite is in agreement 
with the findings of other investigators, e. g. Shinazi et al. 
(°50). 

The anomalies observed macroscopically in 102 abnormal 
offspring (table 3) included those defects previously reported 
by other investigators, namely, exencephaly, (figs. 1 and 2), 
hydrocephalus, anophthalmia, microphthalmia, digital hem- 
orrhages (figs. 7 to 10) and edema. In addition, interven- 
tricular septal defects, anomalies of the aortic arch pattern, 


TABLE 3 


Incidence and types of macroscopic abnormalities resulting from 
pantothenic acid deficiency in 102 abnormal 21-day fetuses 








% 

*Microphthalmia and anophthalmia ...................... 382 
PRE. RG Kida aknnT das keer aah odes de eeek eihcakewdd 31 
Hydronephrosis and hydroureter ...................0.08: 31 

Clubfoot, tail defects and cleft palate ................... 23 

in coh dies Gna 0-4 eae SR Ne i 19 
* Exencephaly and hydrocephalus ...................204+- 13 
SED NSU baw cvcl dices <s¥banceers beatin ekeevea 13 

ND MID «sid di vcncdansduncscsepasneaes 12 





* Anomalies reported by other investigators. 


hydronephrosis and hydroureter (figs. 5 and 6), clubfoot, tail 
defects, cleft palate, and dermal defects (figs. 3 and 4) were 
observed. Single examples of undescended testes and 
apparent absence of the kidneys were also found. These 
abnormalities were similar to those observed in studies on 
other teratogenic dietary deficiencies, e. g. pteroylglutamic 
acid and riboflavin (Nelson et al., ’52, ’55, ’56) with the 
exception of the digital hemorrhages and dermal defects. 
According to Giroud et al. (’55), the digital hemorrhages (figs. 
7 and 9) are followed by degeneration of skeletal elements and 
sometimes by ‘‘spontaneous amputation’’ of the digits so 
that malformed paws or ectrodactyly resulted (figs. 8 and 10). 
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The dermal defects (figs. 3 and 4) consisted of marked 
hypoplasia of epidermis and dermis over small or large areas 
in the occipital region and in the region overlying the 
vertebral column; the stratum corneum and hair follicles 
were absent in these areas. 


DISCUSSION 


The data presented demonstrate the multiple teratogenic 
effects of pantothenic acid deficiency in the rat. The anomalies 
observed in this study were not limited to the nervous system 
and subcutaneous tissue as reported by other investigators, 
but included defects of the cardiovascular, urogenital and 
skeletal systems together with defects of the body wall. The 
majority of anomalies were similar to those reported for 
other teratogenic vitamin deficiencies although fewer types, 
particularly those of the skeleton, were observed. The 
incidence of abnormal young (10 to 29%) reported in this 
study is similar to that found by Zunin and Borrone (’54) but 
considerably lower than that reported earlier by Lefebvres- 
Boisselot (’51) for a small number of pregnancies, i. e. 95%. 
Lefebvres-Boisselot removed the fetuses during the latter 
half of pregnancy from the 13th to the 20th days, thus 
obtaining many severely affected fetuses that would probably 
not have survived to the 2ist day of gestation, the day of 
autopsy for this study. 

This study illustrates the relatively slight effect of the 
deficiency upon the maternal organism in contrast to the 
severe effects upon the developing embryo. This characteristic 
of teratogenic dietary deficiencies has been emphasized by 
many investigators, e. g. Giroud (’54), Warkany (’55), and 
Nelson et al. (’55). No external signs of pantothenic acid 
deficiency could be observed in the pregnant rats which gained 
50 to 75 gm during gestation while one-third to two-thirds of 
the embryos were undergoing abnormal development or death 
with resorption. The pantothenic acid requirement for 
developing embryos with placentas on the 14th day of gesta- 
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tion has been estimated by Lefebvres-Boisselot (’55) to be 
approximately 9 mg per kilogram (weight of conceptus) in 
contrast to reported requirements of 3 to 4 mg per kilogram 
body weight at birth, 1 to 2 mg per kilogram at weaning, and 
0.5 mg per kilogram at 10 weeks of age. 

The deleterious effects of a transitory deficiency of 
pantothenic acid induced by the antimetabolite during the 
second week of pregnancy are similar to those found for a 
transitory deficiency of either pteroylglutamic acid or 
riboflavin during this period. Fetal damage produced during 
the critical period of embryonic differentiation and organo- 
genesis cannot be reversed by vitamin supplementation later 
in pregnancy. The results demonstrate the necessity of 
pantothenic acid for early embryonic development in the rat. 


SUMMARY 


Multiple congenital anomalies in rat fetuses resulted when 
pantothenic acid deficiency was instituted on the first day of 
gestation or 4 to 10 days before breeding and continued 
throughout pregnancy. When the vitamin deficiency was 
limited to the first 12 or 14 days of the gestation period, few 
anomalies were observed. However, addition of the antimet- 
abolite, omega-methyl- pantothenic acid, to the deficient diet 
for the last two or three days of this period accentuated the 
deficiency and fetal death with resorption of the entire litter 
resulted in some cases; in other cases more abnormal young 
were found than in the absence of the antimetabolite. 

The abnormalities observed included those previously 
reported, namely, cerebral and eye defects, digital hem- 
orrhages and edema and, in addition, interventricular septal 
defects, anomalies of the aortic arch pattern, hydronephrosis 
and hydroureter, clubfoot, tail defects, cleft palate and dermal 


defects. 
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PLATE 1 


EXPLANATION OF FIGURES 
Lateral views of the head in 21-day fetuses from mothers maintained on 
the pantothenic acid-deficient or supplemented (control) diet, x 3.4 
1 Control. 


2 Pantothenic acid-deficient: exencephaly. 





Dorsal views of 21-day fetuses, & 2.25 


3 Control. 


4 Pantothenic acid-deficient: marked hypoplasia of epidermis and dermis over an 
extensive area from the region between the scapulae almost to the lower lumbar 
region; the stratum corneum and hair follicles are absent in this area. 


Dissections of 21-day fetuses showing the urogenital system, X 3.0 


Control, showing kidneys, ureters, bladder and uteri. 


ii) 


6 Pantothenic acid-deficient: hydronephrosis and hydroureter. 


Dorsal views of paws from 21-day fetuses from mothers maintained on 
the pantothenic acid-deficient diet, x 9.0 


7,9 Digital hemorrhages. 


8,10 Malformed paws showing apparent ‘‘amputation’’ of the digits following 
hemorrhage and necrosis. 
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Chick et al. (’38), Hughes and Squibb (’42), Wintrobe et 
al. (’43), Lehrer et al. (’51) and Moustgaard (’53) have 
described the various clinical and subclinical symptoms which 
compose a syndrome of pyridoxine deficiency in the suckling 
and the weanling pig. The work of Wintrobe et al. (’43) and 
of Moustgaard et al. (’52) indicated that 40 pg of pyridoxine 
per kilogram of body weight daily is sufficient to prevent the 
occurrence of these symptoms in the weanling pig. However, 
Moustgaard (53) found it necessary to supply twice this 
amount to produce maximum rates of body weight gain and 
protein utilization. 

The present series of trials was designed to determine the 
pyridoxine requirement of the baby pig on a synthetic-milk 
diet. The purpose of this paper is to submit data which relate 
this requirement to the total consumption of dietary solids 
and also to report observations of pyridoxine deficiency 
symptoms that appear in pigs which are inadequately sup- 
plied with this vitamin. 

*Published with the approval of the Director of the Michigan Agricultural 
Experiment Station as Journal Article no, 2017. 

* This work was supported in part by a grant-in-aid from The National Vita 
min Foundation, Ine. 
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EXPERIMENTAL 


Kighty-nine baby pigs were used in 4 trials. Data from 
only three of these are presented because satisfactory growth 
rate was not obtained in the positive control group in one of 
the trials. In each experiment, pigs were taken from the 
sow at three to 5 days of age and were individually fed a 
synthetic-milk diet used by Miller et al. (’54) except that 
pyridoxine was absent from the diet and riboflavin replaced 
it in an equal amount. The environmental conditions and the 
length of the depletion-adjustment period were similar to 
those reported by Miller et al. (’54, ’55) and by Stothers et 
al. (’55). 

On the basis of the work of Wintrobe et al. (’43) and of 
Moustgaard (’53), the minimum pyridoxine requirement was 
judged not to exceed 2mg of vitamin B, per kilogram of 
dietary solids intake with the probability that it did not 
exceed one-half this amount. Consequently, concentrations 
of 0, 0.5, 0.75, 1.0 and 2.0 mg of pyridoxine per kilogram of 
solids were used in the diets of 5 lots of pigs which had been 
assigned at the end of the depletion-adjustment period on 
the bases of sex, size and litter. 

Feedings were made regularly 5 times a day early in the 
experiment and later on 4 times daily. The amount of feed 
was generally limited only during the first week of the ex- 
periment. Pigs were weighed every 4th day. 

Blood samples were taken weekly from an ear vein for 
red cell counts, white cell counts, white cell differentiation 
and hemoglobin determinations. Blood samples were taken 
from the anterior vena cava at the end of the experimental 
period for serum protein electrophoresis study. Serum sam- 
ples were obtained after formation of the clot by centrifugal 
separation. These samples were frozen and stored and, sub- 
sequently, separation of the serum proteins was made using 
the Durrum (’50) type, Spinco, Model R paper electrophore- 
sis apparatus. Total serum protein was determined by the 
biuret method of Weichselbaum (’46). 
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Urine collections were made weekly to determine xan- 
thurenic acid excretion values. Collections were made over 
an 8- to 12-hour period. Before being placed into metabolism 
eages for this collectior, pigs received an oral dose of pL- 
tryptophan amounting to 100 mg per kilogram of body weight. 
Urine xanthurenic acid concentration determinations were 
made using the method of Wachstein and Gudaitis (’52). 

As in previously cited work by the present authors, gross 
and microscopic post mortem examinations were made on all 
pigs that died, those which were killed in extremis and those 
positive control pigs which were sacrificed to be used as com- 
parative standards. Various organ weights were also taken 
and recorded. All data obtained on individual pigs through- 
out the experiment were grouped and statistically analyzed 
using the methods of Snedecor (’46) for analyzing single 
and multiple classification variance. 


RESULTS AND DISCUSSION 


The combined results of the three feeding trials pertaining 
to pig growth and feed consumption are presented in table 1. 
Pigs from all lots receiving pyridoxine gained significantly 
more rapidly and efficiently than pigs from the lot receiving 
no dietary pyridoxine. The daily rate of gain of pigs receiving 
0.75 mg or more of vitamin B, per kilogram of dietary solids 
was 11 to 14% greater and their daily solids intake signifi- 
cantly greater than for those pigs which received 0.5 mg of 
vitamin B, per kilogram of solids. 

The pigs which received no pyridoxine ate and gained 
normally for the first two weeks of experimental feeding. 
Then there was a gradual! loss of appetite and the rate of 
gain dropped. Most of these pigs lost weight during the 
final week of the trial. A typical example of a pyridoxine- 
deficient pig is shown in figure 1. Vomiting with expulsion 
of copious amounts of a thick yellowish-green fluid occurred 
occasionally during the third and 4th weeks of experimental 
feeding. Epileptiform seizures were observed frequently in 
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the deficient pigs from the third week until the end of the 
trial. On every observed occasion in these trials the seizures 
occurred immediately prior to, during, or just after feeding. 
Although the seizure appeared spontaneously, its onset seemed 
to be stimulated by the excitement or the anxiety of the feeding 
experience. Neurochemical studies by Tower (’56) on samples 
excised from epileptogenic foci in human cerebral cortex have 


TABLE 1 


Response of baby pigs to synthetic milk diets containing different 
levels of pyridoxine? 





LEVEL OF PYRIDOXINE IN DIET, IN MG/KG SOLIDS 


0 0.5 0.75 1.0 2.0 

Lot number 1 2 3 4 5 
Number of pigs 12 1] 11 12 12 
Days on test 32 32 32 32 32 
Av. initial 

wt., Ibs. 4.10+0.137 4.19+0.16 434+0.15 4.10+0.11 3.94+0.15 
Av. final 

wt., Ibs. 8.160.382 15.64+0.68 17.45+0.63 16.94+0.38 16.74+0.37 
Av. daily 

gain, lIbs.* 0.13+0.01 0.36+0.02 0.41+0.02 0.40+0.01 0.40+0.01 


Av. daily solids 
consumed, Ibs. 0.21+0.01 0.36+0.01 0.40+0.01 0.39+0.01 0.39+0.01 


Solids per Ib. 
gain, lbs.° 1.66+0.09 1.00+0.03 0.98+0.03 0.98+0.02 0.99+0.02 


* Pigs were taken from the sow when 3 to 5 days old and placed on a depletion 
diet containing no pyridoxine for 4 days. Pigs were then assigned to lots and 
started on the feeding trial. 

? Standard error of mean. 

* Pigs from all lots receiving pyridoxine gained significantly faster (P = 0.01) 
than lot 1 pigs. 

*Pigs from all lots receiving pyridoxine consumed significantly more solids 


(P = 0.01) than lot 1 pigs. 
Pigs from lots 3, 4, and 4 consumed significantly more solids (P = 0.05) than 


lot 2 pigs. 
* Pigs from all lots receiving pyridoxine were significantly more efficient 
(P = 0.01) in food utilization than pigs from lot 1. 
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suggested that focal cortical seizures may be due to a bio- 
chemical lesion, particularly in the metabolism of glutamic 
acid. Epileptiform seizures and vomiting were observed in 
a few of the pigs of lot 2, but none was observed in any of 
the pigs receiving 0.75 mg or more of vitamin B, per kilo- 
gram of solids. 

A summary of the weekly blood hemoglobin determinations 
is made in table 2. An increasing degree of hypochromia 





Fig. 1 A pyridoxine-deficient pig 6 weeks of age and weighing only 8 pounds. 


developed as the degree of pyridoxine deficiency advanced. 
This was evident in all pigs receiving 0.5 mg or less of pyri- 
doxine per kilogram of dietary solids. Cartwright and Win- 
trobe (’48) have shown that the fundamental disturbance 
causing the hypochromia in pyridoxine-deficient pigs is an 
inability to synthesize protophorphyrin. 

Blood cell studies revealed the presence of pale microcytic 
erythrocytes from the third week until the end of the trial 
in pigs receiving less than 0.75 mg of vitamin B, per kilo- 
gram of solids. Anisocytosis was commonly observed in blood 
from the deficient pigs also. Data on erythrocyte count pre- 
sented in table 3 suggest that oligocythemia may be a sig- 
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TABLE 2 


Blood hemoglobin levels* of baby pigs receiving different dietary 
levels of pyridoxine 


NUMBER OF LEVEL OF PYRIDOXINE IN DIET, IN MG/KG SOLIDS 


WEEKS ON aoe 8 epee 
EXPERIMENT 0 0.5 0.75 1.0 2.0 
1 11.5 + 0.2 11.1 + 0.3 11.3 + 0.2 11.4 + 0.3 11.6 + 0.3 
2 9.9 + 0.3 11.0 + 0.4 114+ 0.3 11.0 + 0.3 11.3 + 0.3 
3? 9.1+ 0.5 10.9 + 0.5 12.1 + 0.3 11.5 + 0.3 111+ 0.3 
433 7.2 + 0.4 10.2 + 0.6 12.3 + 0.4 11.9 + 0.3 12.3 + 0.4 
538 6.7 + 0.5 9.3 + 0.5 11.0 + 0.5 11.7 + 0.5 11.7 + 0.4 


* Blood hemoglobin level expressed in grams per 100 ml of blood. 

* Blood from pigs in all lots receiving vitamin B, was significantly higher in 
hemoglobin level (P = 0.01) during the third, 4th and 5th weeks than blood from 
the pigs receiving no B,. 

* Pigs from lots receiving 0.75 mg of vitamin B, or more per kilogram of solids 
were significantly higher in blood hemoglobin level (P = 0.01) during the 4th and 
5th weeks than pigs from the lot receiving 0.5 mg B, per kilogram of solids in the 
milk. 


TABLE 3 


Initial and final red blood cell and lymphocyte counts of baby pigs receiving 
different dietary levels of pyridoxine 


LEVEL OF SST en __ LYMPHOCYTE * 
—_ Initial Final * Initial Final ‘ 
mg/kg solids 

0 6.61 + 0.23 4.43 + 0.38 60 + 2 37+ 5 
0.5 5.91 + 0.17 6.10 + 0.18 57+ 3 51+4 
0.75 6.24 + 0.20 6.37 + 0.2% 54+4 66 +4 
1.0 5.95 + 0.20 6.98 + 0.28 53 + 3 61+ 3 
2.0 6.26 + 0.21 7.05 + 0.26 62 +3 61+ 3 


1 Red blood cell count expressed in millions per cubic millimeter. 

* Lymphocyte count expressed as a per cent of the total leukocyte count. 

* Pigs from all lots receiving pyridoxine had a significantly higher (P = 0.01) 
RBC count than pigs from the lots receiving no pyridoxine. Pigs receiving 1.0 mg 
of vitamin B, or more per kilogram solids in their diet had a significantly higher 
(P = 0.05) RBC count than pigs receiving 0.5 mg B, per kilogram solids. 

* Pigs receiving 0.75 mg of vitamin B, or more per kilogram solids had a signifi- 
cantly higher (P = 0.01) percentage of lymphocytes than pigs from the lots re- 
ceiving no B,. Pigs from the lot receiving 0.5 mg B, per kilogram solids had a sig- 
nificantly higher (P = 0.05) percentage of lymphocytes than pigs from the lot 
receiving no B,, but a significantly lower (P = 0.05) percentage of lymphocytes 
than pigs from all other lots. 
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nificant factor in the promotion of pyridoxine-deficiency 
anemia. Dinning and Day (’56) have recently reported a 
significant increase in erythrocyte count in the pyridoxine- 
deficient rat. 

Total leukocyte counts in pyridoxine-deficient pigs did not 
differ significantly from those of control pigs at any time 
during the trial. However, data in table 3 show a significant 
lymphocytopenia in the vitamin B,-deficient pigs. There was 
a corresponding increase in the percentage of neutrophils in 
the peripheral blood of these animals. Stoerk (’46), Agnew 
and Cook (’49) and Dinning and Day (’56) have found greatly 
reduced lymphocyte production in vitamin B,-deficient rats. 
Dougherty et al. (’44) have demonstrated the presence of 
antibodies in lymphocytes in mice and Stoerck and Eisen 
(46), Agnew and Cook (’49), Axelrod et al. (’47) and Ludo- 
vici et al. (’51) have all observed reduced antibody response 
in vitamin B,-deficient rats. 

Moustgaard (’53) has reported urine xanthurenic acid 
excretion to be a very sensitive measure of pyridoxine defi- 
ciency in the weanling pig. Data presented in table 4 shows 
this to be a sensitive test for dietary pyridoxine adequacy 
in the baby pig also. Inspection of the data indicates that the 
level of dietary pyridoxine adequacy lies between 0.75 and 
1.0mg of vitamin B, per kilogram of solids. 

In studying the physiological effects of a nutrient defi- 
ciency, the research worker often wonders if the effects are 
a specific result of the nutrient deficiency or a result of the 
coincidentally reduced appetite. To test this in the present 
work, 4 pigs receiving the positive control diet were pair 
fed with 4 pigs receiving no pyridoxine. The results of this 
trial are presented in table 5 and demonstrate that the hypo- 
chromia, oligocythemia, lymphocytopenia and the improper 
metabolism of tryptophan observed in the deficient pigs were 
specific effects of pyridoxine deficiency and did not result from 
the ensuing anorexia. No evidence of microcytosis or aniso- 
cytosis was observed in blood from the pair-fed positive 
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control pigs nor were epileptiform seizures ever observed in 
these pigs. 

Moustgaard (’53) has observed an impairment of the pyri- 
doxine-deficient pig’s ability to produce gamma globulin. 
This fraction constituted 5% of the total serum protein in the 


TABLE 4 


Concentration of xanthurenic acid* in the urine from baby pigs receiving 
different dietary levels of pyridoxine 





LEVEL OF PYRIDOXINE IN DIET, IN MG/KG SOLIDS 








0.5 0.75 1.0 2.0 

Number of pigs tested 8 11 11 8 8 
Number of weeks on 
experimental diet 

1 14+2 12+1 16+2 10+0 9+3 

2? 29+2 19+3 21+3 12+3 9+3 

3° 35 + 4 17+2 15+2 13+1 9+3 

43 62 + 19 26+ 4 14+2 8=>3 52+5 

5* 127 + 29 35 + 3 32 +4 6+2 3+2 





1 Concentration of XA expressed in micrograms per milliliter of urine. 
* Pigs receiving 1.0 mg and 2.0 mg of vitamin B, per kilogram of solids in their 
diet exereted urine containing a significantly lower (P = 0.01) concentration of 
XA than pigs receiving no pyridoxine during the second week of the experiment. 

* Pigs from the lot receiving no pyridoxine excreted urine containing a signifi- 
cantly higher (P = 0.01) concentration of XA than pigs from all other lots during 
the third, 4th and 5th weeks cf the experiment. 


TABLE 5 


Comparison of performance and certain blood and urine components of positive 
control pair-fed pigs with negative controls 





LEVEL OF PYRIDOXINE IN DIET, IN MG/KG SOLIDS 








0 2.0 

Number of pigs 4 4 
Days on test 32 32 
Av. daily gain, Ib. 0.11 + 0.01 0.19 + 0.01** 
Ay. daily solids consumed, Ib. 0.21 + 0.01 0.21 + 0.01 
Solids per Ib. gain, Ib. 1.91 + 0.20 1.09 + 0.05** 
Blood hemoglobin level, gm/100 ml 7.4 +0.6 ms 07 
Red blood cell count, millions/mm® 5.41 + 0.37 7.99 + 0.67* 
Lymphocyte count, % of WBC 38 +7 59 + 6* 

72 + 29 5 + 5* 


Urine XA concentration, “g/ml 





** (P = 0.01). 


7. Significantly different from negative controls (P = 0.05) ; 
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vitamin B,-deficient pigs in his work. In the present study 
the gamma globulin fraction was found to be increased. The 
alpha globulin fraction was also increased and the albumin 
fraction was decreased in the serum of pigs receiving no 
pyridoxine in the diet. A summary of these data is presented 
in table 6. The amount of total serum protein was not sig- 
nificantly altered by the pyridoxine deficiency in this study. 


TABLE 6 


Total serum protein concentration and electrophoretic distribution of serum proteins 
in baby pigs receiving different dietary levels of pyridoxine 





LEVEL OF PYRIDOXINE IN DIET, IN MG/KG SOLIDS 








0.5 0.75 1.0 2.0 

Number of pigs 5 11 11 8 5 
Total serum 

protein, 

gm/100 ml 5.75 + 0.26 5.80+0.18 5.60+0.30 5.5524 0.22 5.64 + 0.45 
Serum protein 

distribution, 

% of total 

Albumin 32.9+2.3 44.7 + 0.9** 44.6 + 1.0** 44.4 + 2.1** 42.0 + 1.7** 
a Globulin 34.7+1.7 27.8+1.1** 25.4 + 0.9** 27.2 + 1.5** 27.9 + 0.6** 
8 Globulin 16.8+03 189+08 209+0.8* 188+0.7 203+ 1.5* 
y Globulin 3211 86208" 8.1204" O62 18" O72 08" 








* Significantly different from sera of pigs receiving no pyridoxine (P = 0.05) ; 
** (P = 0.01). 


The presence of a generalized subcutaneous edema in all 
deficient pigs on which post mortem studies were made was 
probably a manifestation of the low serum albumin values 
present in these animals. Relative values of the serum protein 
fractions and the values for serum total protein obtained 
in this study in pigs receiving pyridoxine were quite similar 
to those obtained by Foster et al. (’51) for fibrinogen-free 
plasma from pigs at weaning age. 

The only consistent gross finding in post mortem studies 
of the deficient pig was the previously mentioned anasarca. 
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Occasionally there was an excessive amount of fluid in the 
pericardial sac and both the liver and heart appeared some- 
what fatty. Microscopic examination revealed fatty degen- 
eration in the liver of some of the pigs which received no 
pyridoxine. All pigs receiving no pyridoxine and some re- 
ceiving 0.5 mg of vitamin B, per kilogram of solids showed a 
brownish pigment in the splenic pulp. This pigment, prob- 
ably hemosiderin, was also present in the Kupffer cells of 
the liver of some of these pigs. 

The presence of lesions in the nervous system was ques- 
tionable. No changes were noted in the brain or spinal cord. 
Myelin degeneration in the sciatic nerve was not observed 
from Weil’s (’45) stain. An occasional cell in the dorsal 
root ganglion of deficient pigs was somewhat atrophied and 
occasionally showed slight chromatolysis. Other investigators, 
Follis and Wintrobe (’45), Wintrobe et al. (’42, ’43) and 
Swank and Adams (’48) have reported lesions in the spinal 
cord and in the peripheral nerves. The reason that these 
lesions were not demonstrated in the present investigation 
lies, perhaps, in the fact that the pigs were not on the deficient 
diets for as long a period of time as in the previously reported 
work on older pigs. 

A summary of the data on the weights of heart, liver, kid- 
neys, thyroid and adrenals, obtained from the post-mortem 
studies, is given in table 7. In the case of the pyridoxine- 
deficient pigs, each of these critical organs comprised a greater 
percentage of the body weight than was true of either the 
inanition- or full-control animals. These differences were 
statistically significant for the kidneys and the adrenals. Ag- 
new (’55) has reported cardiac, renal and hepatic hyper- 
trophy in pyridoxine-deficient rats. 

Two of the pigs which were receiving no pyridoxine during 
the 32-day experimental period received pyridoxine therapy 
and recovered. Both of these pigs were manifesting severe 
pyridoxine deficiency at the end of the feeding period and 
were placed on the positive control level of dietary pyri- 
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doxine intake. In addition, one of these pigs received a single 
50 mg intraperitoneal injection of pyridoxine hydrochloride. 
Within a few days the anorexia subsided and normal gains 
followed in both pigs. By the end of the 24-day recovery 
period both pigs were making excellent gains. Neither of 
the pigs had a recurrence of the epileptiform seizures after 
treatment commenced. Blood components quickly returned 
to normal and urine xanthurenic acid excretion dropped 
sharply. One of the pigs was sacrificed at the end of the 
recovery period and post mortem examination revealed no 
abnormalities. 
TABLE 7 
Relation of certain critical organ weights to total body weight in normal, 
pyridoxine-deficient and pair-fed control baby pigs 








PYRIDOXINE- PAIR-FED 








Gomrnene DEFICIENT CONTROLS 

Number of pigs sacrificed 4 9 3 
Relative organ weights } 

Heart 0.52 + 0.01 0.63 + 0.07 0.59 + 0.04 

Liver 2.90 + 0.10 3.95 + 0.50 2.72 + 0.23 

Kidneys 0.62 + 0.02 1.07 +0.12** 0.56 + 0.02 

Thyroid 0.009 + 0.001 0.016 + 0.002 0.009 + 0.002 

Adrenals 0.016 + 0.001 0.035 + 0.005* 0.015 + 0.002 





* Per cent of total body weight. 
* Significantly greater than corresponding positive control relative organ weight 
(P = 0.05); ** (P = 0.01). 


SUMMARY 


Levels of pyridoxine supplementation constituting 0, 0.5, 
0.75, 1.0, and 2.0mg per kilogram of solids in a synthetic 
milk diet were used to determine the requirement of the pig 
for this vitamin. An analysis of the growth and feed con- 
sumption data indicates that the 0.5 mg level is nearly ade- 
quate. However, data obtained on blood hemoglobin, red 
blood cell and lymphocyte counts indicate that the minimum 
requirement is not less than 0.75 mg of pyridoxine per kilo- 
gram of solids. With respect to urinary xanthurenic acid, 
however, the level of 0.75 mg of pyridoxine is inadequate. It 
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would thus appear that when a more nearly total consideration 
of the pig’s well-being is given, the requirement is greater 
than 0.75 mg but probably less than 1.0mg of pyridoxine 
per kilogram of solids. Classical deficiency symptoms were 
observed in those pigs receiving no pyridoxine. The per- 
formance of pair-fed controls indicated that the effects on 
the blood and urine components found in deficient pigs were 
specific effects of pyridoxine deficiency and not effects of the 
resulting inanition. 

Serum total protein values were not affected by pyridoxine 
deficiency but the relative values of certain serum protein 
fractions were altered. Evidence of renal and adrenal hyper- 
trophy are presented. Therapeutic treatment of pyridoxine- 
deficient pigs brought rapid recovery. 
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Though a simple reduction in the fat content of the average 
American diet usually produces a prompt fall in the serum 
cholesterol concentration (Keys et al., 50; Mellinkoff et al., 
00; Stark, 50; Groen et al., 52; Mayer et al., 54; Keys et 
al., 55), synthetic or artificial diets containing large amounts 
of some vegetable oils may also depress the serum cholesterol, 
at least in short-time experiments (Kinsell et al., 52; Ahrens 
et al., 54; Bronte-Stewart et al., 56). Controlled comparisons 
of different food fats in normal human diets of ordinary 
foodstuffs have been notably lacking and the present paper 
reports such comparisons involving butterfat, corn (maize) 
oil, cottonseed oil, coconut oil, olive oil, sunflower seed oil 
and sardine oil fed at levels representing 30 to 35% of the 
total calories. In addition, the effects of these fats are com- 
pared with those of ordinary American and with low-fat 
diets in which fats contribute, respectively, around 40 and 
9 to 16% of total calories. 


*The studies reported here were aided by research grants from the National 
Dairy Council, Chicago, the Minnesota Heart Association, the Mental Health 
Research Fund of the Minnesota State Department of Public Welfare and the 
Sechweppe Foundation, Chicago. 
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PROCEDURE 


Subjects and their regimen. The subjects were schizophrenic 
men, chiefly of the hebephrenic and paranoid types, long 
resident at the Hastings State Hospital. They were judged 
to be physically and metabolically ‘‘normal’’ on the basis 
of detailed physical and laboratory examinations and were 
selected as being cooperative and relatively stable in their 
emotional condition. Their ages ranged from 32 to 62 years, 
the averages being 39.0, 44.7, 46.2 and 47.6 years in experi- 
ments ©, F, H, and J, respectively. Within each experiment 
the men were assigned to sub-groups whose regimens differed 
only in regard to the diet, and these sub-groups were matched 
in regard to age, relative obesity and habitual degree of ac- 
tivity. 

The ancestry of these men was almost exclusively from the 
British Isles and Northern Europe. Their heights ranged 
from 5 feet 3 inches (160 cm) to 6 feet 2 inches (188 cm), the 
average being 5 feet 8.3 inches (173.5em). None of the men 
was grossly obese or emaciated but they tended to be some- 
what thinner than men in the general population of Minnesota, 
their average being about 9 pounds (4 kg) less than the aver- 
age for business and professional men of the same age and 
height in Minneapolis. 

During the entire period of each experiment the men were 
housed and fed in the Metabolic Research Unit of the Hastings 
State Hospital where they were under 24-hour a day sur- 
veillance, during their standardized outdoor recreation as 
well as within the locked building, by special resident aides 
in addition to the regular hospital staff. Meals were prepared 
and served in the diet kitchen of the Metabolic Unit under 
the supervision of a special dietitian whose responsibilities 
were limited to these subjects. No other foods were permitted. 

The regimen was standardized to maintain physical activity 
and metabolic balance as constant as possible throughout the 
period of each experiment. The caloric need for balance for 
each man was estimated during a month of preliminary testing 
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before the start of each experiment proper and the size of 
the food servings for each man was adjusted accordingly. 
Nude body weights were recorded at least every week and 
these measurements were the basis for further adjustments 
in the ealorie values of the diets. 

In the few instances when men became uncooperative or ill 
they were dropped from the test group and all data on these 
individuals were excluded from subsequent analysis. Weight 
change of as much as 2 kg in a month or 3 kg over an entire 
experiment was also ground for excluding men, and their data, 
from further consideration. For these several reasons we 
excluded a total of 27 out of 159 men in the entire series of 
experiments, 10 of the exclusions occurring in the first experi- 
ment (C) of the series. Improved selection and management 
of the men resulted in losing only two out of 26 men in both 
experiments H and J; this probably is close to an irreducible 
minimum for experiments averaging 5 to 6 months each in 
duration, including before and after controls. 

The diets. The standard Hastings State Hospital diet, 
planned and prepared under the supervision of competent 
dietitians, conforms to the ordinary American pattern and 
provides an abundance of meat, milk, butter, vegetables and 
fruits. As served in measured portions in the Metabolic Unit, 
this is termed the ‘‘House Diet’’ and provides about 90 gm 
of proteins and 140 gm of fats (one-third being butterfat) 
per 3200 Cal. The cholesterol content of this standard ‘‘ House 
Diet’’ varies from 600 to 800 mg daily, the general average 
of other nutrients being approximately: vitamin A, 6,000 to 
10,000 I.U.; thiamine, 2.2 mg; riboflavin, 2.3 mg; niacin, 22 mg; 
pyridoxine, 2.2 mg; inositol, 900 mg; choline, 2500 mg; ascorbic 
acid, 100 to 170 mg; tocopherols, 18 mg; phytosterols, 90 mg; 
iron, 12mg; calcium, 1200 mg; poly-unsaturated fatty acid 
glycerides, 10gm, of which about 8 gm represents linoleic 
acid glycerides. 

The men were maintained on this ‘‘House Diet’’ for at 
least 4 weeks before the start of each experiment with the 
various experimental diets. The basis of all of the experi- 
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mental diets was a low-fat diet in which one or the other fat 
could be isocalorically substituted for carbohydrate, replacing 
equivalent calories in sugar, jelly, bread, rice and potatoes. 
The low-fat diet provided from 9 to 12% of calories from 
total fats and 10 to 12% of calories from proteins in the several 
experiments. Other characteristics of a typical low-fat diet, 
and this diet with test fats, are indicated in table 1. The test 


TABLE 1 


Nutrients in the experimental diets 


(Calories, proteins and fats are the averages of the amounts eaten on 4 repre- 
sentative days in each period. The other items represent amounts served on a 
typical day in each period.) 








CONSTITUENT Low fat + 


experimental fat 
Calories 3100 
Protein, gm 94 
Total fats, gm 131 
Saturated fats, gm 40? 
Linoleic acid (as glycerides) gm 51? 
Cholesterol, mg 660 
Phytosterols, mg 366 * 
Thiamine, mg . 2.4 
Riboflavin, mg , 3.1 
Niacin, mg 18 
Pyridoxin, mg ; 1.7 
Ascorbie acid, mg 160 
Vitamin A, I.U. 18000 
Tocopherols, mg 120? 











+ Experimental fat = cottonseed oil. 


diets were planned to provide a level of 50 gm of test fat per 
day in experiment C, and 100 gm per day in experiments F, 
H and J, so that total fats would account for about 25% of 
total calories in experiment C and close to 40% in the other 
experiments. 

In each experiment the period on each diet was 4 weeks, 
except in experiment J where the dietary periods were two 
weeks each. During these dietary periods all foods were 
measured out for each man and record was kept of all extra 
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portions served to satisfy the wants of the men and to maintain 
weight equilibrium. Plate waste was recorded on 4 represen- 
tative days of each dietary period (three days in experiment 
J) and the average food consumption computed for these days. 

Fats in the diets. Characteristics of the fats in the diets 
are summarized in table 2. These fats and oils were purchased 
in large lots, to ensure uniformity throughout each experi- 
ment, and were considered to be typical of good commercial 


TABLE 2 
Characteristics of the fats and oils used in the present experiments 


(The iodine values are those found in the fats as used. The fatty acid values are 
computed from the data given’ for samples of those fats having comparable iodine 
values. For the ‘‘ House Diet’’ fat, fatty acid composition was computed from 
values for fats making up about 95% of the total fat.) 





% OF FATTY ACIDS 


IODINE ‘steniailiaamiine tial = 
VALUB Saturated Mono-ethenoid Poly-ethenoid 


FAT 





Butterfat 32 57 39 4 
Olive oil 85 12 80 8 
Cottonseed oil? 108 25 25 50 
Corn oil* 120 12 37 51 
Sunflower seed oil * 131 10 28 62 
Coconut oil ® 3 97 3 0 
Sardine oil * 188 23 23 54 
‘* House Diet’’ fat" 50 48 45 7 





1 Fatty acid analyses were computed from data given by A. E. Bailey, Industrial 
Oil and Fat Products, Interscience, New York, 1951; E. W. Eckey, Industrial Fats 
and Oils, Reinhold, New York, 1954; and T. P. Hilditch, The Chemical Constitution 
of Natural Fats, 3rd Ed. Wiley, New York, 1956. 

* Wesson brand. 

* Mazola brand. 

*Saflo brand, Co-op Vegetable Oil, Altona, Manitoba, Canada. 

5 The coconut oil used here was ‘‘ Hydrol,’’ a hydrogenated product of Durkee’s 
Famous Foods, Ine. 

*From Van Camp Sea Food Co., Terminal Island, California. Composition esti- 
mated from data on the degree of unsaturation of the various fractions (see 
Hilditeh, ’56). 

* The iodine value computed from this fatty acid composition agrees with the 
tabulated iodine value which was measured directly on the mixed fat extracted 
from the entire diet. 
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grades in the American market.? The ‘‘House Diet’’ fat was 
obtained by extraction with ethyl ether, after drying of the 
combined servings from several typical meals. 

The iodine values in table 2 were measured in this labora- 
tory. The fatty acid composition values given in table 2 are 
primarily those in the literature for commercial samples of 
these oils that exhibit similar iodine values. 

Analytical methods. Blood samples were drawn in the 
morning, with the men at rest before eating their first meal 
of the day, on two occasions near the end of each dietary 
veriod. The serum was analyzed, in duplicate, for total chol- 
esterol, by our version (Anderson and Keys, ’56) of the method 
of Abell et al. (52). In addition, the cholesterol distribution 
between alpha and beta lipoproteins was separately measured 
(Anderson and Keys, ’56). In experiment F, about two-thirds 
of the samples were subjected to fractionation of the lipo- 
proteins, both by cold ethanol and by paper electrophoresis; 
in experiments J and H all samples were fractionated by 
paper electrophoresis. 

Experiment C: low-fat, olive oil and cottonseed oil. Ex- 
periment C, the first experiment in this series, was designed 
to determine the effects on the serum cholesterol concentra- 
tion, in periods of 4 weeks on each diet, of the isocalorice sub- 
stitution of a moderate amount (50 gm daily) of olive oil and 
of cottonseed oil for carbohydrate in a low-fat diet. 

The main data of experiment C are summarized in table 3. 
Total cholesterol concentrations were significantly lower on 
the three experimental diets than on the ‘‘ House Diet.’’ The 
mean differences for total cholesterol, in milligrams per 100 ml 
of serum, with the standard errors computed for the changes 
of the individual men, were: House-low-fat, 31.2 + 5.9; House- 
olive oil, 15.8 + 4.5; House-cottonseed oil, 20.6 + 5.2. There 

*The cottonseed oil was ‘‘ Wesson’’ brand; the corn oil was Mazola; the sun- 
flower seed oil was the standard product of Co-op Vegetable Oils, Altona, Manitoba, 
Canada; the sardine oil was a refined product obtained from Van Camp Sea Food 


Co., Terminal Island, California; the coconut oil was a hydrogenated product 
sold under the name ‘‘Hydrol’’ by Durkee’s Famous Foods. 
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was no significant difference between the effects of olive oil 
and those of cottonseed oil but the low-fat diet was more 
effective than the other experimental diets in lowering the 
serum cholesterol concentration from the ‘‘ House Diet’’ level, 
particularly in the second low-fat diet period. Unfortunately, 
there was poor agreement between the two low-fat periods 
and the variability of the individuals was great. Nevertheless, 
by using all the observed cholesterol values on olive oil and 
cottonseed oil and comparing them with the values on the 


TABLE 3 


Experiment C+ Mean serum total cholesterol concentrations at the ends of the 
experimental diet periods, together with the average fat intakes 











DIET FAT INTAKE CHOLESTEROL 
gm/day % Cal. mg % e 

**House,’’ mean 144.6 40.9 229.4+ 9.8? 
Low-fat, mean 28.4 9.5 198.2+ 7.0 
Olive oil 80.7 25.2 213.6+ 9.1 
Cottonseed oil 79.6 25.1 208.8 + 10.2 





1 The 16 men were divided into two groups (A and B) of 8 each. Dietary periods 
were 4 weeks and the sequence was for group A: ‘‘ House Diet,’’ low-fat, olive oil, 
cottonseed oil, low-fat and ‘‘ House Diet,’’ and for group B: ‘‘ House Diet,’’ low- 
fat, cottonseed, olive, low-fat and ‘‘ House Diet.’’ 

* Mean and standard error of the mean. 


two low-fat diets statistical analysis of the individual differ- 
ences indicated that the cholesterol concentration on the 
oil diets was significantly higher than that in the low-fat 
periods at the 0.05 probability level. The experience of ex- 
periment C enabled us to achieve much better control and 
standardization of the men and their diets in the subsequent 
experiments (F, H and J). 

Final computation of the calorie values of the foods actually 
eaten on the several diets showed average values of 2883 and 
2862 Cal. on the olive and cottonseed oil diets and a lower 
average of 2661 Cal. on the low-fat diet. The average body 
weight change during 4 weeks on the olive oil diet was + 0.4 
kg and on the cottonseed oil diet it was —0.2kg; during the 
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low-fat diet periods there was an average loss of 0.9kg. 
Accordingly, it is possible that some part of the cholesterol 
reduction on the low-fat diet may have been associated with 
a small negative calorie balance. 

In experiment C, measurements of the S, 12-20 lipopro- 
teins were also made on the serum, using the method of Gof- 
man et al. (’50) as described by Anderson et al. (’57). While 
the average values for S, 12-20 fell from the house diet 
average on all three experimental diets, the differences were 
not statistically significant: low-fat, — 3.6 + 2.7; olive oil, 
—1.4+ 2.3; cottonseed oil, —5.4+ 3.1mg per 100ml. 


TABLE 4 


Experiment F design, 9 men in each group 


(Total fat and fat of vegetable origin, in grams per day, are given within 
parentheses. ) 








GROUP WEEKS 0-4 WEEKS 5-8 WEEKS 9—12 WEEKS 13-16 
A ** House’? Low fat Cottonseed Butter 
(135, 14) (39, 5) (135, 100) (133, 5) 

B ** House’? Low fat Butter Cottonseed 
(134, 14) (38, 5) (126, 5) (130, 95) 





Experiment F: low-fat, cottonseed oil, butterfat. The de- 
sign of experiment F is shown in table 4 which also gives the 
average daily intakes of total fat and of fat of vegetable origin 
for both groups for each of the dietary periods. The quanti- 
ties of fats interchanged in these diets were about twice those 
used in experiment C and provided about 28% of the total 
calories. The serum total cholesterol results are summarized 
in table 5. 

On both the low-fat and the cottonseed oil diets there was 
a very substantial reduction in the concentration of total 
cholesterol in the serum. The indication of a slightly greater 
effect of the low-fat diet does not approach statistical signifi- 
cance. There was no statistically significant difference be- 
tween the values on the house diet and those on the butterfat 
diet. 
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The distribution of serum cholesterol between the alpha 
and beta lipoprotein fractions in experiment F is discussed, 
below, together with corresponding data from the other 
experiments. 

Experiment H: low-fat, cottonseed, corn, hydrogenated 
coconut oils. Table 6 shows the design of experiment H and 
the average body weights at the end of each dietary period 
for the 4 groups of men. The average intakes of proteins, 
fats and cholesterol of groups A and B and of groups C and 


TABLE 5 


Serum cholesterol differences in the diets of experiment F, 18 men 


(The experimental variable was approximately 100 gm of fat. Serum samples 
were taken at the ends of the 4-week diet periods. Differences in serum cholesterol 
concentration [mg per 100 ml] between the dietary periods being compared were 
obtained by subtracting the value on the second diet from that on the first. Mean 
serum cholesterol on the ‘‘ House Diet’’ was 231.8 mg per 100 ml with a standard 
error of 11.1 mg.) 











BIBT COMPARISON sessuanwes i 
Butterfat minus ‘‘ House’’ + 3.0 + 4.7 
Butterfat minus Low-fat + 31.8 + 4.2 
Butterfat minus Cottonseed oil + 31.4 + 4.9 


Cottonseed minus Low-fat + 04 + 4.2 





TABLE 6 


Experiment H design 


(Four groups of men, 4 successive periods of 4 weeks each. Mean body weights, 
in kilograms, for the end of each diet period are given in parentheses. ) 








GROUP A GROUP B GROUP CO GROUP D 





PERIOD (6 men) (7 men) (6 men) (6 men) 

1 ** House’’ ** House’? ** House’’ ** House’? 
(65.0) (71.8) (71.0) (68.0) 

2 Low-fat Low-fat Low-fat Low-fat 
(64.8) (71.5) (71.2) (68.0) 

3 Cottonseed Corn Cottonseed Coconut 
(65.4) (71.2) (71.6) (67.5) 

4 Corn Cottonseed Coconut Cottonseed 


(65.7) (71.5) (71.8) (68.6) 
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D on the several diets are given in table 7. The experimental 
variable was a quantity of oil supplying about 28% of the 


total calories. 


The results for serum total cholesterol are summarized in 
table 8. As before, both low-fat and cottonseed oil diets pro- 
duced highly significant decreases in the serum cholesterol 
as compared with the values on the ‘‘House Diet,’’ but the 


Average nutrients eaten on 4 diets in experiment H 


TABLE 7 





DIETS 











GROUPS , oa ; 
on ube ae Low- Cottonseed Corn Coconut 
fat oil oil oil 
A, B Protein, gm/day 104 99 99 
Butterfat, gm/day 11 10 10 
Vegetable fat, gm/day 5 98 97 
Total fat, gm/day 40 131 130 
Cholesterol, mg/day 313 293 295 
Cc, D Proteins, gm/day 104 99 98 
Butterfat, gm/day 11 11 10 
Vegetable fat, gm/day 6 101 99 
Total fat, gm/day 43 136 133 
Cholesterol, mg/day 330 308 305 
TABLE 8 


Serum cholesterol differences between the diets of experiment H 


(The dietary variable was approximately 100 gm of oil. Differences in total 
cholesterol concentrations, in milligrams per 100 ml, for the same individuals at 
the ends of different dietary periods were computed as described in table 5. Mean 
values of total serum cholesterol on the ‘‘House Diet’’: group A, B = 221.3, 


group C, D = 213.3 mg per 100 ml.) 





DIET COMPARISON GROUPS 
‘*House’’ Minus Cottonseed A, B, C, D 
‘*House’’ Minus Low-fat A, B, C, D 
Low-fat Minus Cottonseed A, B, C, D 
**House’’ Minus Corn A,B 
Low-fat Minus Corn A, B 
Cottonseed Minus Corn ‘* £8 
Coconut Minus ‘‘ House’’ Cc, D 


Coconut Minus Cottonseed C, 


NO. OF MEN 


25 
25 
25 
13 
13 
13 
12 


12 


MEAN 
DIFFERENCE 


+ 38.6 
+ 33.7 
+ 49 
+ 61.1 
+ 26.1 
+ 19.3 
+ 11.0 
+ 46.1 


8.E. OF 
MEAN 
+ 5.1 
+ 4.4 
+ 4.0 
+ 5.4 
+ 3.9 
+ 4.2 
+ 2.8 
+ 6.8 
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corn oil diet produced an even greater decrease. Further 
it is apparent that the values on corn oil are significantly 
lower than those on both the low-fat and the cottonseed oil 
diets. Finally, the cholesterol values on the hydrogenated 
coconut oil diet were significantly higher than those on the 
‘‘House Diet.’’ 

Experiment J, including sunflower and sardine oils. The 
design of experiment J is shown in table 9 together with the 


TABLE 9 
Experiment J design 
(Groups W and X contained 7 men each; groups Y and Z, 6 men each. Each 
dietary period consisted of two weeks and the parentheses in the table enclose the 
average values, in grams per day, of total fats, and the part of the fats composed 
of polyethenoid fatty acids for the several dietary periods. The last line gives the 
average daily calorie consumption for the entire experimntal period for each of 














the 4 groups.) 


eee  O  — EEE ary —- 
Ww x Y Z 
1 ‘* House’’ ‘* House’’ ** House’’ ** House’? 
(156, 11) (159, 11) (151, 10) (153, 10) 
2 Low-fat Low-fat Butter Butter 
(39, 3) (39, 3) (130, 6) (132, 6) 
3 Butter Butter Butter Butter 
(138, 6) (136, 6) (122, 6) (127, 6) 
4 Olive Corn Olive Cottonseed 
(140, 10) (139, 58) (132, 10) (128, 49) 
5 Corn Olive Cottonseed Olive 
(140, 59) (139, 10) (128, 50) (127, 10) 
6 Corn Sunflower Corn Sardine 
(141, 59) (139, 10) (128, 56) (134, 55) 
7 Sunflower Corn Sardine Corn 
(141, 64) (135, 56) (126, 52) (131, 54) 
8 Butter Butter Butter Butter 
(142, 6) (138, 6) (130, 5» (127, 5) 
9 ** House’’ ** House’’ ** House’’ ‘* House’’ 
(156, 11) (159, 11) (151, 10) (153, 10) 
All periods 3310 Cal. 3370 Cal. 2930 Cal. 3050 Cal. 
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average values for the fats eaten by the 4 groups of men in 
each of the 9 dietary periods. The effort was made to provide 
for the comparison of the cholesterol levels on each of 6 
diets differing only in the kind of fat which made up approxi- 
mately 28% of the total calories, as well as on the same basic 
diet with carbohydrate replacing the test fats (low-fat diet) 
and on the ‘‘House diet.’’ The net result is that unless it is 
assumed (1) that the groups are ideally matched, (2) that 
the effects of a preceding diet are completely eliminated in 
two weeks on another diet, and (3) that there are no time 
trends in other factors that may affect the serum cholesterol 
level, we must recognize the possibility of different levels 
of validity of comparisons within the experiments. 


TABLE 10 


Experiment J. Serum total cholesterc! values for 26 men (groups W, X, Y, 2), 
while subsisting on ‘‘ House’’ and butterfat diets 





” PERIOD DIET DATE SERUM TOTAL CHOLESTEROL 
Bod % 7 “‘mg/100 ml 

1 House 2/7-2/14 213.5 + 6.6? 

3 Butter 5/11 222.3 + 6.8 

8 Butter 7/19 217.3 + 6.5 

9 


House 7/26-8/2 219.0 + 7.0 





*Mean and standard error of the mean. 


Obviously, in periods 4 and 5, the comparison of corn vs. 
olive oil diets in groups W and X and of cottonseed oil vs. 
olive oil in groups Y and Z seem irreproachable and in periods 
6 and 7 the comparisons of corn vs. sunflower seed oil and of 
corn vs. sardine oil are equally free from possible cavil. 
Comparisons more distant in time, with different intervening 
diets, require more careful consideration. Table 10 shows 
that no long-time trends are disclosed when repetitions of 
the same diet are compared. The mean cholesterol values 
on the butterfat diet in periods 3 and 8 are very close to each 
other and those for the ‘‘ House Diet”’ in period 1 and period 9 
are not significantly different, in spite of the fact that the 
‘‘House Diet’’ inevitably is less precisely constant than any 























€ 


FOOD FATS AND SERUM CHOLESTEROL 433 


of the other diets. Note that two months between period 2 
and period 3 were occupied by subsistence on constant diets 
but were complicated by pharmacological trials (entirely nega, 
tive in effect) which accounts for the long interval between 
the early periods. ; 

The sunflower seed oil diet was tested with groups W and 
X whereas tests with the cottonseed oil and sardine oil diets 
were made with groups Y and Z, so the question arises about 


TABLE 11 
Serum cholesterol differences in experiment J 


(Experimental variable approximately 100 gm of fat. Cholesterol difference 
(mg/100 ml) computed by subtracting the value on the second diet from that on 
the first. Group WX included 14 men and group YZ 12 men.) 


CHOLESTEROL DIFFERENCES (MG/100 ML) + 8.B. 





DIET COMPARISON 














Group WX Group YZ 
Butterfat minus Olive + 35.6 + 4.7 + 29.3 + 4.3 
Butterfat minus Corn + 62.8 + 3.5 + 59.5 + 5.7 
* Olive minus Corn + 27.2 + 3.6 ‘ 
Cottonseed minus Corn + 24.0 + 5.6 
* Sardine minus Corn + 20.1 + 3.8 
*Sunflower minus Corn + 93+2.8 ; 
Butterfat minus House + 36+3.8 — 09+44 
Butterfat minus Low-fat + 38.8 + 6.1 ce 
* Olive minus Sardine ; + 10.1 + 4.6 
* Olive minus Cottonseed + 62+ 5.2 


1Crossover experiments where half the men were maintained on one diet in 
parallel with the other half of the men on the comparison diet and the diets were 
reversed in the subsequent period. 


quantitative cross comparisons between these two sets of. 
groups. This is answered by observing the differences in 
groups W and X vs. Y and Z between the cholestero] values 
on the butterfat diet (means of periods 3 and 8) and the values 
on the other diets common to all groups, that is the olive oil 
and corn oil diets. These comparisons are given in the first 
two lines of table 11. Groups W, X and Y, Z, exhibited reason- 
able consistency in their responses to the same dietary dif- 
ferences. 
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In these comparisons within pairs of groups of men, the 
corn oil diet is, as in experiment H, consistently associated 
with the lowest serum cholesterol values, definitely lower 
than when diets that might be considered as competitors 
in this respect, namely, olive oil, cottonseed oil, sardine oil 
and sunflower oil, are used. 


TABLE 12 


Selected comparisons of changes of serum concentration of total cholesterol and 
beta lipoprotein cholesterol caused by those substitutions of diet fats which 
produced the greatest effects. Lipoproteins separated by 
paper electrophoresis 


CHOLESTEROL 


. NO. OF 
EXPERIMENT DIET sot nian an 
mg/100 ml mg/100 ml 

F Butterfat 18 245.42 8.5% 194.9 + 11.4 
F Cottonseed 18 203.4 + 11.3 156.8+ 8.3 
F Butterfat minus cottonseed 18 +42.0+ 49 +3812 41 
HWY ‘*House’’ 13 221.3 + 11.7 177.0 + 11.7 
HWY Corn 13 160.2+ 9.0 115.2 + 8.7 
HWY ‘*House’’ minus corn 13 +611+ 54 +6182 53 
HYZ Coconut 12 2243+ 9.0 175.3 + 14.0 
HYZ ‘* House’’ 12 213.3+ 8.2 162.3 + 10.5 
HYZ Coconut minus ‘‘ House’’ 12 +110+ 28 +1302 7.0 
JIWx Olive 14 1879+ 8.4 130.4+ 8.4 
JIWx Sunflower 14 170.0 + 9.0 110.2+ 8.0 
JIWX Olive minus sunflower 14 +1792 65.1 +202+ 49 


4Mean and standard error of the mean. 


The diets can be arranged in classes according to their 
serum cholesterol effects. Butterfat and ‘‘House Diets’’ gave 
highest serum cholesterol with no significant difference be- 
tween them. At a lower level of serum cholesterol effect and 
in order of decreasing serum cholesterol level are the olive 
oil, low-fat, cottonseed oil and sardine oil diets. The difference 
between the highest and lowest of these diets is at the border- 
line of significance. The sunflower oil diet gave a distinctly 
lower cholesterol level than any of the preceding classes of 
diets but no direct statistical comparison with the sardine oil 
diet is possible since the oils were fed to different groups 
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of men. Finally, the corn oil diet was found in a class by 
itself yielding the lowest serum cholesterol value of all the 
diets. 

Beta lipoprotein cholesterol changes. Normally, about three- 
fourths of the total serum cholesterol is found in the beta 
lipoprotein fraction. In these dietary experiments changes 
in the beta lipoprotein cholesterol were parallel to those in 
the total serum cholesterol in every dietary change. As is 
shown in iable 12 the changes in the cholesterol in the beta 
lipoprotein fraction appear to account for the total cholesterol 
change. 

In every case the change in blood serum cholesterol pro- 
duced by changing the dietary fat was almost entirely ac- 
counted for by the change in the beta lipoprotein fraction. 


DISCUSSION 


The present results confirm and extend many reports that 
the fat content of the diet plays a central role in the regulation 
of the serum cholesterol level in man. It is now well known 
that a sharp reduction in the fat content of an ordinary Ameri- 
can diet generally produces a prompt fall in the serum chol- 
esterol concentration. In America, of course, a low-fat diet 
means primarily a diet reduced in meat fats and butterfat, 
since these relatively saturated food fats are most abundant 
in our ordinary diet. Under these conditions the cholesterol 
response tends to be more or less directly proportional to the 
degree of fat restriction so that on diets extremely low in 
fat, such as the rice-fruit diet, the fall in two or three weeks 
may amount to 30% or more of the cholesterol level on the 
unrestricted diet (Keys et al., 50). 

The first experiment in the present series (experiment ‘‘C,’’ 
started in 1952), demonstrated the serum cholesterol decrease 
on a low-fat diet and, further, showed that the isocaloric sth- 
stitution of 50 gm daily of either olive oil or cottouseed oil 
for carbohydrate in such a low-fat diet produces ar. increase 
in the serum cholesterol concentration. However, this increase 
did not bring the level up to that characteristic of subsistence 
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on a ‘‘home’’ diet of the ordinary American type containing 
about twice as much total fat as that in the olive oil or cotton- 
seed oil diets. Experiment C, then, suggested that olive oil 
and cottonseed oil are practically the same in their effects 
and that under these conditions the quantity of total fat in 
the diet is the major determinant of the serum cholesterol 
level. 

However, experiment F (in 1954) clearly showed that at 
a level of 100 gm daily in the diet, cottonseed oil is very 
different from butterfat or the ordinary mixed fats (mainly 
butterfat and meat fats) in an average American diet. The 
low-fat diet and the same diet with 100 gm of cottonseed oil 
substituted for equal calories in the form of carbohydrate 
were roughly equivalent in regard to serum cholesterol. 

Recently other laboratories have been impressed with the 
low serum cholesterol values resulting from maintenance of 
patients on formula diets very high in certain vegetable oils, 
particularly corn oil (Kinsell et al., ’52, 53, ’°54; Ahrens et 
al., 54; Beveridge et al., 56; Bronte-Stewart et al., ’56). 
Since corn oil is relatively unsaturated and since no such 
cholesterol-depressing effect is obtained with coconut oil, which 
is highly saturated, it was natural to propose that the serum 
cholesterol level is inversely proportional to the amount of 
unsaturated fat in the diet (Ahrens et al., 54). Further, 
since linoleic acid glycerides are the main items in the ‘‘un- 
saturated fats’’ such as corn oil, it has been proposed, without 
critical analysis, that high serum cholesterol values are ex- 
pressions of relative deficiency of ‘‘essential’’ fatty acids 
(Sinclair, ’56). 

Support was claimed for the essential fatty acid argument 
by some data indicating that the substitution of oils from 
fish and marine mammals for the saturated meat and dairy 
fats in the diet may depress the serum cholesterol level 
(Bronte-Stewart et al., 56). Marine oils are notably un- 
saturated, to be sure, but are actually low in the recognized 
‘‘essential’’ fatty acids, containing almost no linoleic acid 
and very little arachidonic acid. 
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It now appears that much of the effect of corn oil cannot 
be explained on the basis of these theories about the effects 
of the fatty acids. We have shown that change from a corn 
oil diet to sunflower seed oil, which is still more unsaturated 
and richer in linoleic acid (see table 2), produces a rise in 
serum cholesterol in man and a still greater rise results from 
changing from corn oil to sardine oil with an iodine number 
of 188 (Keys, Anderson and Grande, ’57). The peculiarity 
of corn oil is evident in the present results in experiments H 
and J. 

In cholesterol-fed rabbits, corn oil depresses the serum 
cholesterol more than a ‘‘synthetic corn oil’’ of the same 
fatty acid composition and crude corn germ has a much 
greater effect (Jones et al., 56). However, the extrapolation 
of these results to man is dangerous in view of the obviously 
great differences between species in cholesterol metabolism. 
In rats, the effects of different fats on the serum cholesterol 
level seem to be very different from anything yet suggested 
about man (Swell et al., 55; Grunbaum et al., °57). 

It seems probable that at least three factors are involved 
in the cholesterol responses to the diets in these several sets 
of experiments: saturated fatty acids, di-ethenoid fatty acids, 
and factor ‘‘X’’ in corn germ and crude corn oil. Nothing 
has been said so far about the mono-ethenoid fatty acids, 
particularly oleic acid which is perhaps the most abundant 
of all fatty acids in the foods of the world, and it cannot be 
guaranteed from present information that these are com- 
pletely without effect. Finally, it is questionable whether 
chain length of the fatty acids and the phosphatides in food 
fats can be ignored entirely. 

Comparisons of the present findings with other results 
reported in the literature on serum cholesterol and the diet 
in experiments on man is difficult in most cases because of 
differences in the diet other than in fats, differences in total 
fat level or lack of detailed specifications as to kinds of fats 
in the diet. It should be emphasized especially that the present 
experiments involved diets of ordinary foods prepared by 
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recipes and arranged in menus that do not depart from the 
natural eating customs in this country. This is quite different 
from feeding an emulsion or slurry of a very few ingredients 
in a synthetic mixture. While the latter are easier to prepare 
and control, they are not comparable to ordinary ‘‘meat- 
potato-vegetable-fruit-bread’’ diets. Further, the present ex- 
periments cover only the range up to about 40% of calories 
from total fats. What happens with diets in the unnatural 
range of 50 to 80% of calories from fats may be very different. 

All of the observations in man on this subject have been of 
relatively short duration and the experiments of the present 
series are no exception, though they are longer than many 
from which sweeping conclusions have been drawn. It is 
conceivable that different results would be obtained from 
subsistence on these diets over many months or years. In 
several cases we have maintained experimental diets over 
periods of 6 months or more and have seen no tendency for the 
serum cholesterol] level to change appreciably after the first 
few weeks. In Amsterdam, Groen et al. (’52) maintained a 
dietary experiment for 9 months on human volunteers and 
observed only a slight progressive tendency for the effects on 
serum cholesterol to become more marked as time went on 
after the first few weeks. However, even a slight rate of 
progression continuing over many years would yield large 
effects. 

The question of possible effects of other nutrients besides 
fats on the cholesterol level is not involved in the present 
experiments. Care was taken to maintain constancy of calories 
and of other nutrients besides the fats so the results pertain 
only to the fats tested. Perhaps experiment C is an exception 
in that calorie constancy was not ideal but even in that 
experiment the dietary variation, other than in fats was not 
great. Elsewhere we have reported controlled experiments 
on man in which alterations in protein intake were studied, 
both on low-fat and on high-fat diets, over the range of around 
8 to 20% of total calories from proteins (Keys and Anderson, 
57). No effect of the protein level on serum cholesterol was 
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observed in those experiments and, in any case, the protein 
intake in the present experiments was constant in the range 
of about 90 to 100 gm daily. 

The carbohydrate intake was constant in amount and kind, 
within each of the experiments reported here in the com- 
parisons between the various fats. However, the low-fat diets 
were, necessarily, higher in carbohydrate than the other 
diets. Considering this point only it would be possible to 
suggest that the low cholesterol values obtained on the low-fat 
diets may reflect either the removal of the cholesterol-increas- 
ing action of the fats or the addition of a cholesterol-de- 
pressing action of carbohydrate. The point may be academic 
since we are concerned here with the situation in calorie 
equilibrium and it is not possible to maintain this when the 
fat level is changed without making a corresponding change 
in the opposite direction in the carbohydrate intake. 

Some of the most striking results in the literature are 
the cholesterol decreases obtained with corn oil but the diets 
were of the formula type and the oil was given in extremely 
large amounts (Kinsell et al., °52, ’53, ’54). In monkeys, 
on the other hand, a diet containing 45% of calories as 
corn oil produced a higher serum cholesterol level than the 
same diet with 10% of calories as corn oil (Portman, Stare 
and Bruno, ’56). 

Mayer et al. (’54) observed increases in serum cholesterol 
in human subjects when 70 gm of peanut oil, corn oil or 
vegetable oil margarine were added daily for one week to 
an ordinary American type diet, but no differentiation was 
made between these vegetable fats. Subsequently they re- 
ported a cholesterol fall on a mixture of corn oil and vegetable 
margarine (Beveridge et al., 55). The same group has 
recently demonstrated a major difference in effect on serum 
cholesterol between corn oil, on the one hand, and various 
animal fats on the other, when the experimental fat comprised 
60% of the total calories (Beveridge, Connell and Mayer, ’56). 
The greatest cholesterol increasing effect was observed on 
butterfat and further, they observed that the addition of 
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corn oil to a fat-free diet produced a decrease in serum 
cholesterol. None of these results would seem to be at 
variance with those in the present series, though detailed 
comparison is not possible. 

Hildreth et al. (’51) observed a rise in serum cholesterol 
in three persons when fats of vegetable origin were added 
to a low-fat diet but there are no details about the fats 
used. As in our own earliest experiments (Keys et al., ’50), 
many workers have distinguished only between fats of vege- 
table and of animal origin in their dietary experiments, so 
interpretation of the effects of different fats, chemically de- 
fined, is difficult or impossible (Groen et al., ’52). 


SUMMARY AND CONCLUSIONS 


1. Total and beta lipoprotein serum cholesterol responses 
to changes in dietary fats are reported from 4 series of con- 
trolled experiments lasting from three to 6 months each, with 
maintenance for periods of two to 4 weeks in each case on 
different kinds and amounts of fats. From 16 to 28 men 
were used in each experiment, the subjects being selected 
schizophrenics maintained under rigidly standardized con- 
ditions in a special metabolic research unit of the Hastings 
State Hospital. The experiments were designed to eliminate 
time trends and to cover both directions of change from one 
fat to another. 

2. The diets used conformed to ordinary American foods 
and menus and were constant and adequate in calories, 
proteins, vitamins and minerals, the fats being isocalorically 
substituted for carbohydrates and covering the range of about 
9 to 41% of total calories from total fats. The fats studied 
were: mixed fats in an average American diet both at low-fat 
(9 to 16% of calories) and high-fat (35 to 41% of calories) 
levels, olive oil, cottonseed oil, hydrogenated coconut oil, corn 
oil, sunflower seed oil and sardine oil. 

3. The low-fat diets consistently produced a fall in the 
serum cholesterol concentration from the control (ordinary 
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U. S. diet) level. Fifty grams daily of olive oil or cottonseed 
oil introduced into the low-fat diets also produced a signifi- 
cant fall but less marked than the low-fat diet alone. 

4. At 50gm daily of experimental fat, there was no sig- 
nificant difference between olive oil and cottonseed oil in the 
cholesterol response. Cottonseed oil at 100 gm daily pro- 
duced a slightly lower cholesterol concentration than did olive 
oil fed at the same level. The basic low-fat diet also tended 
io produce a lower cholesterol concentration than 100 gm of 
olive oil daily. A much more marked depression of serum 
cholesterol concentration was produced by 100 gm daily of 
corn oil. Sunflower seed oil and sardine oil also produced 
significant cholesterol concentration depressions but were 
less effective than corn oil. Coconut oil, 100 gm daily, pro- 
duced no significant change in the serum cholesterol compared 
with the control diet with the same total fat supplied in mixed 
form. The serum cholesterol values on 100 gm of butterfat 
daily were somewhat higher than on the control diet equal 
in total fat content. 

5. The changes in the total cholesterol concentration were 
accounted for, within the limits of error, by the cholesterol 
in the beta lipoprotein fraction. 

6. The serum cholesterol responses to the various fats 
corresponded roughly to the principle that saturated fats 
promote higher cholesterol levels than polyunsaturated fats 
but neither degree of saturation (iodine value) nor content 
of linoleic acid fully explained the results. Coconut oil is less 
cholesterol-promoting than would be predicted from the theo- 
ries that degree of saturation or the content of essential fatty 
acids is the controlling factor. Sardine oil is considerably 
less cholesterol-depressing than would be expected if degree 
of unsaturation is the major factor. And corn oil caused 
greater depression of serum cholesterol than would be ex- 
pected from either the essential fatty acid or the degree of 
unsaturation theories. 
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INTRODUCTION 


Even though pellagra has ceased to be a serious problem in 
the United States, it is still endemic in certain maize-consum- 
ing countries of the world such as Egypt and Yugoslavia. 
Although the primary cause of pellagra is niacin deficiency 
the pathogenesis is not simple. For example, cereal diets 
based largely on rice may contain considerably less niacin 
than do many maize diets but their consumption does not 
produce pellagra. Of particular interest is the fact that in 
Mexico and in the Central American countries where maize 
is consumed largely in the form of tortilla, there is a low 
incidence of pellagra. Whether this is due to the coincident 
ingestion of other foods of relatively high biological value 
or to some nutritional improvement of the maize during prepa- 
ration of tortilla has not been definitely established. In the 
only human feeding trials brought to bear on this problem 
to date, Goldsmith et al. (’56) reported that women developed 
niacin deficiency whether whole maize or lime-treated maize 
was consumed. Unfortunately, in these diets only about 20% 
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of the total caloric intake was maize whereas in Central 
America maize furnishes about 80% of the caloric intake. 
It is conceivable that if larger amounts of maize were fed a 
difference between raw and limed maize might have become 
apparent. 

The influence of maize on the niacin requirement of the 
experimental animal has been the subject of numerous pub- 
lications. Krehl et al. (’45) found that the addition of 40% 
maize grits to a diet low in casein depressed the growth of 
rats. This effect could be overcome by adding niacin or 
tryptophan to the diet and was attributed to an ‘‘amino acid 
imbalance’’ and to the effect of maize on the intestinal flora. 
Laguna and Carpenter (’51) and Cravioto et al. (’52) studied 
in rats the nutritive value of lime-treated maize and demon- 
strated that it is superior to that of raw maize. The latter 
workers suggest that raw maize depresses growth because 
of an amino acid imbalance but that tortilla does not depress 
growth because the destruction or racemization of amino acids 
during processing ameliorates the original imbalance. 

The presence of a pellagragenic factor in maize has long 
been postulated. In recent years the existence of a toxic 
factor in maize has been suggested by Woolley (’46) and by 
Borrow et al., (’48). It is conceivable that lime treatment 
of maize could extract or destroy such a factor but no con- 
vincing evidence for this belief has appeared in the literature. 

The only postulate regarding the pellagragenic activity of 
maize for which reasonable experimental evidence exists is 
that of Kodicek (’40). This worker proposed that maize con- 
tains a bound form of niacin that is rendered available to the 
experimental animal only after hydrolysis with alkali. More 
recently Kodicek et al. (’56) found that pigs, made niacin 
deficient on a diet of maize, recovered if the raw maize in the 
diet was replaced by maize reconstituted from its milling 
fractions in which the hominy meal and bran had been alkali 
hydrolyzed. 

The present report deals with the effects of cooking and 
of lime treatment on the nutritive value of maize. It sub- 
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stantiates the findings of other workers in that lime-treated 
maize was found to be superior to raw maize as a supplement 
to a 9% casein diet in the rat. However, data are also pre- 
sented showing that boiling maize without the addition of 
lime appreciably enhances its nutritive value. Data con- 
cerning amino acid and niacin analyses of the maize products 
are presented and are related to the current theories regard- 
ing the pellagragenic action of maize. 


EXPERIMENTAL 


Female albino Sprague-Dawley weanling rats were placed 
singly at random into metal screen-bottom cages, divided into 
groups of various sizes depending upon the particular experi- 
ment, and fed a diet of the following basal composition: 
sucrose 81.8% ; cottonseed oil, 5% ; casein, 9% ; HMW salts,? 
4.0% ; t-cystine, 0.2%. This was supplemented by the fol- 
lowing amounts of vitamins in milligrams per 100 gm of diet: 
thiamine hydrochloride, 0.2; riboflavin, 0.3; pyridoxine, 0.25; 
Ca pantothenate, 2.0; choline chloride, 100; inositol, 10; biotin, 
0.01; and pteroylglutamic acid, 0.02. Halibut liver oil, forti- 
fied with vitamins E and K and diluted with maize oil was 
added to the daily ration once each week to provide the 
following daily intakes; vitamin A, 4001.U.; vitamin D, 4 
I.U.; 2-methyl-1, 4-naphthoquinone, 0.06 mg, and alpha-toco- 
pherol, 0.7 mg. 

Dietary supplements were given as indicated in table 1. 
All supplementation of the basal diet was made at the ex- 
pense of sucrose. 

Maize was treated with lime by simmering 2kg of the 
whole grain in 4 liters of 1% CaO until the maize was con- 
sidered soft enough for grinding. This required 3 to 4 hours, 
a period of time in excess of that used by Cravioto et al. (’45). 
The mixture was then cooled, adjusted to pH 7.0 with con- 
centrated H;P0O,, the supernatant liquid decanted, and the 


* Hubbell, R. B., L. B. Mendel and A. J. Wakeman, J. Nutrition, 14: 273, 1937. 
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corn well drained. The exact amount of Ca;(PO,),. appearing 
in the tortilla and tortilla supernatant was not assessed, but 
part of the CaO remained undissolved. Therefore, 1% of 
Ca;(PO,). was incorporated into the other diets to equate 
them with respect to these elements. 


TABLE 1 


Body weight gains and protein efficiency ratios of rats fed a 9% casein diet 
containing raw maize, boiled maize, or limed maize 








MEAN DAILY PROTEIN TOTAL 
(8% CASEIN) DIET — “a.” Tae 
%o gm 

None 1.63 2.00 9 
Niacin, 0.003 2.32 2.52 - 
Tryptophan, 0.4 2.60 2.56 3 
Niacin, 0.003 + tryptophan, 0.4 2.75 2.54 3 
Raw maize, 40 2.30 1.86 20 
Raw maize, 40 + niacin, 0.003 4.10 2.42 20 
Raw maize, 40 + tryptophan, 0.4 3.89 2.19 3 
Raw maize, 40 + niacin, 0.003 + 

tryptophan, 0.4 4.42 2.19 3 
Boiled maize, 40 3.25 2.35 9 
Boiled maize, 40 + niacin, 0.003 3.56 2.35 9 
Boiled maize, 40 + tryptophan, 0.4 3.97 2.40 3 
Boiled maize, 40 + niacin, 0.003 + 

tryptophan, 0.4 3.68 2.06 3 
Limed maize, 40 3.60 2.30 9 
Limed maize, 40 + niacin, 0.003 3.82 2.36 9 
Limed maize, 40 + tryptophan, 0.4 4.07 2.26 3 
Limed maize, 40 + niacin, 0.003 + 

tryptophan, 0.4 3.69 2.09 3 
Limed maize, 40 + limed maize ext., 1.2 3.46 2.25 3 
Limed maize, 40 + limed maize ext., 1.2 + 

niacin, 0.003 3.51 2.43 3 
Limed maize ext., 1.2 2.40 2.72 3 
Limed maize ext., 1.2 + niacin, 0.003 2.63 2.68 3 





The wet maize was ground immediately in a meat grinder 
and spread for drying in shallow glass trays under infra-red 
lamps and forced air circulation or in a hot air oven at 250°F. 
This drying process required 12 to 24 hours. The dried product 
was ground to a fine powder for incorporation into the ex- 
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perimental diets. The collected supernatant was similarly 
dried and ground to a powder and is referred to as ‘‘dried’’ 
extract in table 1. 

Boiled maize was prepared in the same manner as lime- 
treated maize except that it was simmered for 3 to 4 hours in 
tap water. After cooling, a neutral mixture of CaO and 
H,PO, was added. The wet maize was dried and ground as 
indicated for the lime-treated maize. 

The niacin and tryptophan contents of raw maize, boiled 
maize, limed maize, and limed-maize extract, were determined 
microbiologically using L. arabinosus as the assay organism. 
For ‘‘total’’ niacin assay 0.5 gm of each sample was hydro- 
lyzed for 30 minutes with 1 N H,SO,. Water extracts of the 
maize products were prepared by autoclaving 0.5 gm in dis- 
tilled water for 30 minutes or by extracting it by stirring 
for half an hour in a large volume of water at room tempera- 
ture. The methods used in the paper chromatographic studies 
of niacin will be described in conjunction with the results 
of the studies. Samples for assay of ‘‘total’’ tryptophan 
were hydrolyzed according to the method of Greene and Black 
(’44) and extracts were prepared fcr assay of ‘‘free’’ tryp- 
tophan by hot water extraction as noted above. Assays were 
read either turbidimetrically or titrimetrically depending on 
the particular experiment. The two methods of measurement 
gave comparable results. 

Commercially prepared assay media were employed for 
the determination of leucine, methionine, lysine, isoleucine, 
cystine, and phenylalanine using Leuconostoc mesenteroides 
ATCC 18042 as the test organism. Streptococcus faecalis 
29-21, and Lactobacillus arabinosus ATCC 8014 were used 
for the assay of threonine and histidine respectively according 
to the procedure of Stokes et al. (’45). 

The maize samples were prepared for amino acid assay as 
follows: +0.5gm of sample was accurately weighed and 
placed into a small ampule with 5 ml of 10% HCl. The ampule 
was then evacuated by use of a water pump and sealed in 
a flame. After autoclaving for 16 hours at 15 lbs. pressure 
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the extract was cooled, filtered and adjusted to pH 6.8 for 
assay. Cystine assays were carried out on the alkaline hy- 
drolysates prepared for tryptophan assays. Assays for ‘‘free”’ 
amino acids were carried out on the hot water extracts pre- 
viously described. 


RESULTS AND DISCUSSION 


Rat growth studies. Growth data for 30-day periods are 
presented (table 1) as mean daily weight gains and protein 
efficiency ratios. These values were derived from as many 
as 4 separate experiments, but not all groups were represented 
in each experiment. The figures within parentheses indicate 
the number of animals from which the means are derived. 

Before discussing the differences between dietary groups 
it is appropriate to note the variability of response of animals 
fed a diet supplemented with 40% raw maize. Most animals 
on this diet grew poori;, but an occasional animal grew rather 
well. In one experiment to determine if the animals which 
were most retarded in growth were niacin deficient, two were 
supplemented with 3 mg % of niacin at the completion of the 
30-day experimental period. Upon the introduction of niacin 
into the diet the negligible growth was accelerated at an 
unusually rapid rate, indicating that these rats were truly 
niacin deficient. In other experiments, not presented, it has 
been found that depleting animals for one week on a protein- 
free, niacin-free diet did not reduce this variability, suggesting 
that different niacin or tryptophan reserves were not re- 
sponsible. The reason for this variability is not apparent. 
However, theve are numerous possible explanations, such as 
differences in the niacin requirement of individual animals; 
in the rate of synthesis of niacin in the intestine or in the 
rate of conversion of tryptophan to niacin or in the ability to 
utilize ‘‘bound’’ niacin. 

When 40% limed maize is added to a niacin-free, 9% casein 
diet growth is superior to that obtained with raw maize or 
boiled maize. Boiled maize permits better growth than raw 
maize, but in our studies, although the limed maize permits 
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somewhat better growth, both boiled maize and limed maize 
have identical protein efficiency ratios. This indicates that 
boiling per se is sufficient to enhance the biological value of 
maize and that the apparent role of lime has been overempha- 
sized through failure to employ cooked rather than raw maize 
as the standard of reference. 

A dried extract of limed maize was fed in combination 
with limed maize in one experiment. There was no difference 
in the growth obtained when compared to that of limed maize 
alone. When the 9% basal diet was supplemented with this 
extract growth was somewhat enhanced. This was probably 
due to the niacin and tryptophan supplied by the extract. This 
evidence fails to support the hypothesis of a ‘‘toxie factor’’ 
in the limed maize. The results could be interpreted to indi- 
cate that if any toxic factor is present it is destroyed rather 
than extracted. 

Niacin supplementation of the basal diet and of that con- 
taining raw maize enhanced both growth and protein effi- 
ciency ratios. Niacin supplementation of boiled or limed 
maize diets did not appreciably improve growth or pro- 
tein efficiency ratios. Tryptophan supplementation enhances 
growth on all diets, but again protein-efficiency values were 
increased only on the basal and raw maize diets. In general, 
supplementation with both niacin and tryptophan did not 
improve growth or protein efficiency ratios above those ob- 
tained on either nutrient alone. 

Chromatographic studies. The poor growth obtained with 
raw maize can be readily corrected with niacin or tryptophan 
whereas these nutrients do not appreciably improve the growth 
obtained with limed maize or boiled maize. For this reason it 
appeared as if niacin, tryptophan or both of these nutrients, 
might be more available from the latter products. Accord- 
ingly, microbiological] analyses for niacin and tryptophan 
were performed. 

Table 2 details the partition of total, water extractable, 
and non-water extractable niacin and tryptophan in the vari- 
ous dietary supplements studied. The total tryptophan content 
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of the three samples was essentially the same. Practically no 
free tryptophan was present even in the cooked maize indi- 
cating that hydrolysis did not take place. Under our con- 
ditions of preparation raw maize contains nearly twice as 
much total niacin as does limed maize and one third again as 
much niacin as does boiled maize. However, practically all 
of the niacin in limed and boiled maize is readily extractable 
by hot water whereas less than 50% of the raw-maize niacin 
is extracted by such a procedure. Similar values were found 
when 10 gm samples were extracted at room temperature by 
stirring for one-half hour with one liter of distilled water. 
Because of its mildness the latter method was adopted for 
the remainder of the study. 


TABLE 2 


Niacin and tryptophan contents of maize supplements 





WATER NON-WATER PROTEIN- 


TOTAL “FREE” 





TOTAL EXTRACT- EXTRAOT- - BOUND 
NIACIN ABLE ABLE _ yo ay TRYPTO- 

A NIACIN NIACIN o ~% PHAN 
B (A-B) (c—D) 

be ug/gm ug/ gm ug/gm ug/gm ug/gm ug/ gm 
Raw maize 27.5 12.8 14.7 675.0 25.1 649.1 
Boiled maize 17.7 16.6 1.1 641.9 15.3 626.6 
Limed maize 15.3 13.4 1.9 671.9 14.9 657.0 





In order to determine the predominant form of niacin 
present in these water extracts they were chromatographed 
using the ascending technique on Whatman no. 1 filter paper 
in n-butanol saturated with water. After a development period 
of 12 to 16 hours the chromatograms were dried and assayed 
for niacin activity using Lactobacillus arabinosus as the test 
organism. This assay was carried out by placing consecutive 
0.5 inch sections of the chromatograms into individual tubes. 
Then either 10 ml of assay medium was added, followed by 
sterilization in the autoclave and inoculation or 10 ml of sterile 
inoculated medium was added directly. In the latter case, the 
paper was not subjected to the rigors of autoclaving. The 
assays were read turbidimetrically. 
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It is evident from figure 1 that the water extractable niacin 
activity present in boiled and limed maize occurs exclusively 
as niacin but that a small part of the niacin activity of raw 
maize is present in a form that does not move from the origin 
of the chromatogram. 

After these initial analyses had been completed the publica- 
tion of Kodicek et al. (’56) came to our attention in which 
chromatographic evidence was presented indicating that maize 
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Fig. 1 Paper chromatograms of room temperature water extracts of maize, 
limed maize, and boiled maize. Solvent: n-butanol saturated with water. Areas 
of microbiological activity are enclosed by the broken lines. 1, raw maize; 2, limed 
maize; 3, boiled maize; 4, niacin; 5, niacin + niacinamide, 


contained no free niacin. On this account it was deemed ad- 
visable to repeat our own work and attempt to duplicate that 
of Kodicek. 

Accordingly, 5gm of ground maize was refluxed for one 
hour on a water bath with 20 ml of 80% (v/v) methanol that 
was 0.1N in HCl. After centrifugation and removal of the 
supernatant the residue was re-extracted once with 20 ml and 
twice with 10 ml of the same solvent. The combined extracts 
were then evaporated to half their volume (30 ml) on a steam 
bath. Instead of using ion-exchange resin at this point to 
remove HCl as was done by Kodicek et al., the evaporation 
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was continued at 40°C. and 25 to 30 mm pressure until small 
volume (+ 5 ml) was reached. Fifty milliliters of distilled 
water were added and the evaporation was again carried out. 
This procedure was repeated to make a total of three extrac- 
tions. The final dry residue was taken up in 1 ml of distilled 
water for chromatography. 

The water extract of maize was prepared by stirring 10 gm 
of maize in one liter of distilled water for 30 minutes. After 
filtration the extract was evaporated to a convenient small 
volume (1 to 2ml) at 40°C. and 25 to 30mm pressure. For 
determination of the ‘‘free’’ and ‘‘bound’’ niacin of Kodicek 
et al., suitable aliquots of these extracts were incubated with 
1N NaOH at room temperature for 30 minutes and then 
neutralized with 1 N HCl. These hydrolyzed and non-hydro- 
lyzed extracts were chromatographed with and without the 
addition of authentic niacin and niacinamide in n-butanol 
saturated with water. The chromatograms were developed 
for 12 to 16 hours using the ascending technique. Niacin-active 
areas were detected by use of the cyanogen bromide method 
of Kodicek and Reddi (’51) and by microbiological assay 
using Lactobacillus arabinosus as the test organism. The 
microbiological determinations were carried out by placing 
consecutive 0.5 inch sections of the chromatogram into indi- 
vidual tubes containing 10 ml of inoculated assay medium. 
This technique has the advantage over conventional plate 
bioautography in that quantitative data are obtained as well 
as rf values. 

The results of this experiment are detailed in figure 2. It 
can be seen that niacin could not be detected in the unhydro- 
lyzed methanol-HCl extract of maize (fig. 2A, 1 and 2) by 
either method of assay. In this particular experiment the 
‘‘bound’’ niacin detected at the chromatogram origin by the 
CNBr reaction failed to support growth of L. arabinosus. 
However, as will be seen presently, this was not always the 
case and either the bound form is slightly active per se or else 
some liberation of free niacin occurs under the conditions 


of assay. 
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After alkaline hydrolysis (fig. 2 A, 3 and 4) the areas of 
microbiological activity coincided with the CNBr reactive 
areas. When authentic niacin was added to this mixture 
before chromatography no additional spots were detected. 
A mixture of niacin and niacinamide (fig. 2 A, 5) also gave 
coincident results. These findings, then, confirm those of 
Kodicek et al. (’56) and, in addition, demonstrate the absence 
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Fig. 2 Paper chromatograms of (A) 80% methanol-HCl extract of maize and 
(B) water extract of maize. Solvent: n-butanol saturated with water. Areas giving 
the cyanogen-bromide reaction are enclosed by solid lines. Areas of microbiological 
activity are enclosed by the broken lines. 1, unhydrolyzed extract; 2, unhydro- 
lyzed extract + niacin; 3, alkali-hydrolyzed extract; 4, alkali hydrolyzed ex- 
tract + niacin; 5, niacin + niacinamide, 1 ug each. 


of microbiologically available niacin in a methanol-HCl ex- 
tract of maize. 

The chromatographic patterns obtained using a water ex- 
tract of maize contrast sharply with those obtained with the 
methanol-HCl extract. Figure 2B (samples 1 and 2) shows 
that free niacin was detected by both the chemical and micro- 
biological techniques. In addition, ‘‘bound’’ niacin was also 
present in the water extract and exhibited slight microbiologi- 
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cal activity. Hydrolysis of the water extract with NaOH and 
subsequent neutralization resulted in a marked change in the 
niacin rf value and a loss of microbial activity at the chromato- 
gram origin. However, a complete coincident loss of CNBr 
activity at the origin did not take place, suggesting that this 
method of detection may not be as specific as is the micro- 
biological technique. 

Further studies were made to quantitate more accurately 
the partition of niacin and its ‘‘bound’’ form in water extracts 
of raw maize. In one study, water extracts of maize made 
at room temperature were chromatographed and the chro- 
matograms were cut up and assayed for niacin content in the 
manner previously described. The two forms of niacin were 
actually separated and then determined. Since the ‘‘total’’ 
niacin content of such extracts (H.SO, hydrolysis) had been 
determined previously, the ‘‘bound”’ niacin could be estimated 
indirectly by subtracting the free niacin content (as measured 
on the chromatogram) or directly by subjecting the origin of 
the chromatogram to alkaline hydrolysis prior to assay. Both 
methods gave similar values. 

The other technique employed was to assay directly the 
water extracts of maize with and without prior hydrolysis. Al- 
kaline and, in some cases, acid hydrolysates were prepared by 
autoclaving the water extracts with 1 N NaOH or H.SO, for 
30 minutes at 15 lbs. pressure and neutralizing for assay. In 
each of these procedures the microbiological assays were 
made both aseptically and non-aseptically. In the latter case, 
the ‘‘bound’’ niacin in the non-hydrolyzed extracts was not 
subjected to the hydrolytic action of autoclaving. The aseptic 
assays were titrated after 72 hours of incubation but, to lessen 
the risk of contamination, the non-aseptic assays were read 
turbidimetrically after 24 hours. The results of these studies 
are shown in tables 3 and 4. 

It can be seen in table 3 that autoclaving the chromato- 
graphic strips with the assay medium (pH 6.8 to 7.0) is 
sufficient to break down the ‘‘bound’’ niacin in an almost 
quantitative manner and thus render it microbiologically 
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TABLE 3 


Niacin partition in water extracts of maize determined by microbiological 
assay of paper chromatograms 





NIACIN CONTENT 
4G/0.5 ML EXTRACT 








Pre- 
SAMPLE dicted % 
CHROMATOGRAPHED Method of = “ o l Re- 
—_ Bound” Rf Free Rt - A... Ba 
(Tube total) 
assay) 
(1) H,O Extract Aseptic 0.201 O 0.298 0.32 0.515 104* 
(2) H,O Extract: 

NaOH treated Aseptic 0.242 O 0.263 0.33 48 0.515 98 
(3) H,O Extract Non-aseptic 0.030 0 0.343 0.44 0.515 97 
(4) H,O Extract: 

0 0.374 0.37 29.6 0.515 103 


NaOH treated Non-aseptie 0.157 





* Total recovery calculated using ‘‘bound’’ niacin content obtained on NaOH- 
treated extract, and the predicted total content determined by tube assay of an 


NaOH-treated extract. 


TABLE 4 


Niacin partition in water extracts of maize as determined by 
non-aseptic microbiological assay 





NIACIN CONTENT 








(B) 
(A Hydrolysis * B-A 
SAMPLE ASSAYED » os rf =| B oun a 
treatment NaOH or niacin 
H,SO, 
ug/gm ug/gm ug/gm % 

H,0 extract of maize: 

4+ hour at room temperature 6.76 18.36 11.60 63.2 
H,O extract of maize: 

10 hours at room temperature 14.22 20.33 6.11 26.2 
H,0O extract of maize: 

Soxhlet extracted for 15 hours 28.62 29.07 0.45 1.5 





*The value for the acid and alkaline hydrolyzate were so similar that they are 


presented here as an average. 
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available. The possibility also exists that L. arabinosus can 
use the bound form over a 72-hour incubation period. If 
the non-aseptic technique is employed, virtually no activity 
can be detected at the origin demonstrating that L. arabinosus 
cannot use the bound form if its growth period is limited 
to 24 hours. 

Both aseptic and non-aseptic assays were performed on 
chromatograms of the same water extract but at different 
times. In spite of the fact that the sample was stored in the 
frozen state between determinations it can be seen that there 
is a substantial decrease in the amount of ‘‘bound’’ niacin 
in samples 3 and 4 as compared to samples 1 and 2, accom- 
panied by a concomintant increase in ‘‘free’’ niacin. The 
lability of the ‘‘bound’’ form on standing in aqueous solution 
is also suggested in table 4. In this instance, the sample was 
extracted and assayed immediately so that there was no 
storage effect. This resulted in the finding that 63.2% of 
the niacin present occurred as the ‘‘bound’’ form — the high- 
est figure obtained in this laboratory using aqueous extracts. 
This lability in aqueous solution of the ‘‘bound’’ form may 
account for the finding of Laguna and Carpenter (’51) that 
merely wetting maize diets before feeding is sufficient to 
improve the growth of rats. 

The various forms of niacin were quantitatively extracted 
from maize and converted almost entirely to miercbiologically 
available form by Soxhlet extraction with water (table 4). 
Under such circumstances only 1.5% of the niacin could 
be classified as ‘‘bound’’ and this is well within the experi- 
mental error of the method. This contrasts with the finding 
that somewhat more than one-half of the niacin is water 
extracted at room temperature by stirring for one-half hour. 
Increasing the extraction time to 10 hours at room tempera- 
ture increases but slightly the amount of niacin extracted 
but does yield a higher percentage of free niacin. This again 
is a reflection of the lability of the bound form in aqueous 
solution. 
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The most logical explanation for the lack of quantitative 
niacin extraction is that the starchier components of the grain 
are easily extracted whereas the more fibrous portions of 
the grain and the oily germ are not. Since exhaustive Soxhlet 
extraction removes the niacin quantitatively it is probable 
that the partition of niacin in the fraction that is not ex- 
tracted at room temperature is identical with that that is. 

These results demonstrate that the apparent forms of niacin 
present in maize vary according’to the method of extraction. 
Although our results indicate that ‘‘bound’’ niacin represents 
from 30 to 60% of the niacin activity of maize, it is probable 
that only ‘‘bound’’ niacin is present in maize — this being 
readily converted to the free form in aqueous solution. Addi- 
tional evidence for this belief is that only ‘‘bound’’ niacin can 
be detected in methanol - HCl extracts. The rapid conversion 
of the ‘‘bound’’ to the free form in water explains our finding 
that boiled maize is as effective as limed maize in supporting 
the growth of rats. In essence, our findings lend considerable 
support to the claim of Kodicek et al. that the effectiveness 
of lime treatment of maize in curing a niacin deficiency de- 
pends upon the degree of hydrolysis of the ‘‘bound’’ form 
of niacin. 

Amino acid analyses. Massieu et al. (’49) reported that 
considerable loss of amino acids occurred during the prepa- 
ration of tortilla and Cravioto and co-workers (’52) suggested 
that this might result in an improved amino acid balance. 
Since imbalances of certain amino acids have been demon- 
strated to produce niacin deficiency in rats fed low-protein 
diets (Koeppe and Henderson, ’55) it was considered perti- 
nent to study this possibility. 

The tryptophan loss during the cooking process proved 
to vary considerably from batch to batch (tables 2 and 5). 
The very low tryptophan content of maize contributes to this 
variability in that relatively small quantitative differences 
assume large proportions when calculated on a percentage 
basis. Consequently, we attach no particular significance to 
this lack of agreement and feel that the superiority of cooked 
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maize cannot be explained on the basis of alterations in the 


amount or availability of tryptophan. 

Further amino acid analyses of our maize products are 
presented in table 5 along with the percentage losses calcu- 
lated from these data and those of Massieu et al. Considering 


TABLE 5 


The amino acid content of raw maize, boiled maize and limed maize *? 





% LOSS 
FROM LIMED MAIZE 





TOTAL CONTENT 








AMINO ACID uecaeay Calculated 
Raw maize Boiled maize Limed maize This from 
study Massieu 
mg/gmdrywt. mg/gmdrywt. mg/gm dry wt. 
Arginine 7.6 0.10 6.2 <0.007 6.2 <0.020 18.4 16 
Leucine 9.4 0.12 9.6 <0.009 9.5 <0.001 0 4 
Lysine 3.1 0.14 2.0 <0.007 19 <0.006 36.8 12 
Methionine 2.5 0.05 2.6 ae 2.5 dare 0 10 
Cystine 12 Ga 0.7 ee 0.7 wee 36 
Phenylalanine 3.9 0.07 3.8 0 3.8 0 0 0 
Isoleucine 7.5 0.10 7.0 0 7.2 0 5 a 
Histidine 2.5 0.14 2.0 a eich 2.1 oe 18 26 
Valine 5.1 0.14 4.5 aa 4.6 er 11 0 
Tryptophan 1.1 0.03 0.8 <0.002 0.9 <0.003 22 33 
Threonine 2.7 0.13 2.4 <0.005 2.5 <0.002 9.4 25 
Mean moisture 
content 12.4% 6.0% 44% 





+ After hydrolysis with 10% HCl for 16 hours at 15 lbs. pressure, except in the 
eases of tryptophan and cystine, which were run on alkaline hydrolyzates. 


? Three separate batches of each product were analyzed. 
*It was impossible to assay the free amino acid content of these maize products 


with precision because of their very low potency. 


the differences in preparation, our results agree fairly well 
with those of this group except in the cases of tryptophan, 
lysine, and threonine. Tryptophan has been discussed pre- 
viously. The large loss of lysine found in our laboratory is 
undoubtedly due to the’ more severe heat treatment during 
our preparations resulting in a more severe ‘‘browning’’ 


reaction. 
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The large loss of threonine reported by the Mexican workers 
could not be confirmed in our study. However, because of the 
findings of Koeppe and Henderson (’55) that the addition 
of threonine to a low-tryptophan diet can produce a niacin 
deficiency in the rat, a study was made of the effects of the 
addition of threonine to the cooked maize diets. The results 
indicated that threonine was without effect which dispelled 
the possibility that a cooking loss of threonine might have 
effectively lowered the niacin requirement. It might be added 
that a similar study of lysine supplementation of the cooked 
products was also without effect. Very little hydrolysis, if 
any, took place during the cooking process; practically no free 
amino acids could be detected in the cooked products. Pre- 
sumably, the small measurable quantities found in the raw 
maize are lost in the cooking water. 

The fact that no gross changes in amino acid content were 
observed plus the finding that supplementation with the two 
amino acids deemed most likely to influence the niacin require- 
ment was ineffectual, detracts considerably from the ‘‘amino 
acid imbalance concept’’ proposed by Cravioto et al. (’52). 
Although reduced digestibility of the cooked product with 
the preferential excretion of a grossly imbalanced protein 
fraction (such as zein) could conceivably improve the balance 
in the intact animal, satisfactory experimental evidence has 
not been obtained for this belief. Consequently, it is concluded 
that the superiority of cooked maize to raw maize in the 9% 
casein diet of the rat is due to the liberation of free niacin 
from the normally unavailable ‘‘bound’’ form during the 
cooking process. The chemical nature of this ‘‘bound”’ niacin 
has not been determined. 


SUMMARY 


Data have been presented confirming reports in the litera- 
ture that limed maize permits more rapid growth of rats 
than does raw maize when added to a 9% casein, niacin-free 
diet. The finding that boiled maize was equivalent in this 
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respect indicates that heat treatment alone increases the 
supplemental value of maize. 

Amino acid analyses of raw maize, limed maize, and boiled 
maize failed to reveal striking differences in composition. 
In addition, those amino acids deemed most likely to increase 
the niacin requirement by producing an amino acid im- 
balance (lysine and threonine) did not alter growth when 
added to the cooked maize diets. From these data it is con- 
cluded that the cooked maize effect cannot be explained on 
the basis of an improved amino acid balance. 

Chromatographic evidence was obtained for the presence 
of a ‘‘bound’’ form of niacin in raw maize. This ‘‘bound’’ 
form can be extracted with acidic 80% methanol and is quite 
stable in this solvent. The ‘‘bound”’ niacin is also readily ex- 
tracted by distilled water at room temperature but is rela- 
tively unstable under such conditions, yielding free niacin 
on standing. Both limed and boiled maize were found by 
paper chromatography to contain only free niacin, whereas 
raw maize contained either 100% ‘‘bound’’ niacin, in the case 
of acidic methanol extraction, or 30 to 60% ‘‘bound’’ niacin by 
water extraction. The lability of the ‘‘bound’’ form in aqueous 
solution suggests that the niacin present in maize occurs 
largely as the ‘‘bound’’ form as maintained by Kodicek et al. 
(56). The conversion of this to free niacin by cooking in 
either limed water or water alone would appear to explain 
the superiority of these products in the diet of the rat. 

The apparent unavailability of the ‘‘bound’’ form of niacin 
to the rat and pig (Kodicek et al., 56) suggests that this form 
may also be unavailable to the human. If so, this finding may 
explain, in part, the low incidence of pellagra in tortilla- 
consuming populations. However, the lability of the bound 
form in aqueous solution would tend to militate against this 
possibility. 
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